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Abstract 
This thesis aims to make the first critical and quantitative reconstruction of the glacial 
chronology at Ka~kar Dag in the Pontic mountains, Turkey and from this infer 
palaeoclimatic fluctuations in the eastern Black Sea. Geomorphological mapping has 
identified three sets of nested moraines in front of the north facing glaciers at Ka~kar 
Dag. Lichenometry, Schmidt hammer and Micro-roughness were used to discriminate 
the relative age of moraines which imply that the two sets closest to the glacier are 
probably early Twentieth century and Little Ice Age, while the third is younger than the 
Last Glacial Maximum and probably late Pleistocene in age. ELA depression from that 
at the contemporary Ka~kar 2 glacier was calculated at 350m, 80m and 60m at the late 
Pleistocene, Little Ice Age and early Twentieth century limit respectively. These imply a 
mean summer temperature depression of ca. 2°C, O.4°C and O.3°C depression in mean 
summer temperature during the late Pleistocene, Little Ice Age and early Twentieth 
century respectively, assuming no change in precipitation. Due to the absence of 
geomorphological evidence in the Kavron Valley, ELA calculation in the southern 
Caucasus, and absolute dates from either it was not possible to directly compare the late 
Pleistocene sequence in the southern Caucasus mountains of the eastern Black Sea. 
However, the basic sequence of glacier fluctuation appears to be the same i) Last 
Glacial Maximum advance followed by retreat interrupted by, ii) subsequent late 
Pleistocene advance, iii) and late Holocene still stands or advances, iv) the most recent 
being the Little Ice Age and the early Twentieth century advances. It is speculated that 
the Little Ice Age and early Twentieth century glacier advances at Ka9kar Dag can both 
be linked to an intensification of zonal flow in the mid latitudes of the northern 
hemisphere, and consequently an increase in winter accumulation though a decrease in 
summer ablation was probably also significant. 
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Chapter 1 Introduction 
1.1 Introduction. 
This chapter is intended to introduce the purpose of glacier reconstruction in the eastern 
Black Sea area and its significance for palaeoclimatology. Following this it will give a 
suitable introduction to the characteristics of the palaeoclimatic proxy record used. It 
will also give a background to the present record for glacier and other proxy data for 
climate change in the eastern Black Sea from the Last Glacial Maximum to present. 
The use of proxy data from the geological record to infer climate history has gained 
importance with the need to separate the signals of natural and human induced climate 
change. Changes in glacier mass balance provide the opportunity to study climate 
change over a hierarchy of time scales and intensity. Over the period of the last glacial! 
interglacial period they provide a record for substantial shifts in atmospheric circulation. 
Over shorter time scales they provide a record of the shift in balance of synoptic climate 
elements, without the noise or anthropogenic influence of many biologic proxies. As 
dating control is better in the recent period, glaciers have proved to be especially useful 
in identifying Late Holocene and historical climate change, often as a part of a multi-
proxy approach. 
As Roberts & Wright (1993) identified, the eastern Mediterranean region is important to 
any global climate reconstruction by virtue of its strategic location at the junction of 
three continents. Further, as a virtue of its location, the climate of the region is spatially 
dynamic (van Zeist & Bottema, 1982). Therefore the conclusions from Anatolia and the 
Zagros mountains where much of the literature on palaeoclimate of this region is located 
are not necessarily relevant to the eastern Black Sea. 
As a region in its own right, the eastern Black Sea is still relatively under-researched in 
terms of palaeoclimate and its influence on geomorphology and ecology. For example 
the persistence of Tertiary floral elements in the present assemblage within the temperate 
rain forest of the northern slopes of the Pontic mountains (Zohary, 1973), as in Colchic 
lowlands (Yazvenko, 1994) and southern slopes of the Caucasus mountains has made 
this region a candidate for a Pleistocene refugium. This implies relative stability in the 
climate regime of the region over the glacial and interglacial cycles of the Quaternary. 
Following from this, the implied persistent maritime nature of the climate makes it a 
interesting location to observe long term climate change which can be compared to the 
extensive records from the continental Anatolian plateau and inter-regionally between 
the southern Caucasus mountains and the northern Pontic mountains. 
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1.2 Glacial records of climate change 
1.2.1 The glacier climate system 
Glaciers, as climatically induced phenomena, can be viewed in terms a cascading 
system (Andrews, 1975; pp 9) in which an input of mass or energy may be stored or 
lost. Mass or energy input (accumulation) and energy loss (ablation) take place to 
maintain equilibrium. When a glacier in a steady state experiences a permanent change 
in mass balance, ice is added to or removed from the glacier until it reaches a new 
steady state equilibrium with the new mass balance distribution (Johannesson et al., 
1989). Glaciers adjust to such changes in such a way that changes in the macro, meso 
and micro climate, expressed through mass (eq. 1.1) and energy balance (eq. 1.2) are 
integrated over the glacier surface (Andrews, 1975). Absolute mass and energy balance 
are, however, rarely achieved (Andrews, 1975). 
Cw (winter accumulation) 
As (summer ablation) 
Bn (balance) (Andrews, 1975:18). 
F r radiative heat flux 
F c sensible heat flux 
FI latent heat flux from condensation and evaporation 
Fp heat content of precipitation 
F f heat received from freezing of water 
Ft change in heat content of the snow or ice mass 
(Andrews, 1975:19) 
1.1 
1.2 
Mass balance is achieved through efficient transmission of accumulated ice to the 
ablation zone. This state is achieved through mutual adjustment of ice geometry and 
velocity maintaining the effective evacuation of ice. Glacier geometry and balance can 
therefore be considered as seeking a topo-climatic equilibrium state defined by the 
continuity equation (eq. 1.3), which expresses the rate of change of ice thickness (Z), at 
a point x along a flowline, with time (t), according to eq. 1.3 where b is the specific net 
balance and Q is the ice flux, given by eq 1.4; v is the ice velocity and w is the cross 
16 
section width (Nye, 1960). This assumes an isothermal glacier and the absence of basal 
sliding. 
(after Smith & Budd, 1979) 
az =b-l aQ 
at w ax 
Q=vzw 
1.3 
1.4 
Variations in mass balance are propagated down glacier as kinematic waves of increased 
and decreased flow in which the wave velocity is about 4 times the ice velocity. The 
lower parts of the glacier, where flow is compressive are temporarily unstable, start to 
thicken rapidly in response to an increase in mass balance (Paterson, 1994). 
Given sufficient time a glacier will adjust to regional and local climate such that balance 
will be achieved following a lag time that is proportional to the transmission of the' 
balance change through the glacier (Paterson, 1994). Using the kinematic wave theory 
Whillans (1981) found ice flux and response at the snout are proportional to ice 
thickness and ice temperature profile which both control the rate of internal shearing. 
This does, however, ignore the significance of basal sliding which is significant for 
warm based glaciers, particularly from maritime regions. The model does make a good 
approximation of glacier response to mass balance change though 10hannesson et al. 
(1989) suggest that the response time for mountain glaciers can be substantially lower 
than the 102_103 years commonly considered to be theoretically expected. This is 
supported, in part, from empirical evidence from the Briksdalsbreen Glacier in southern 
Norway (Nesje et al., 1995) (a short, steep, maritime glacier) which was found to 
respond in less than 5 years to balance change. The use of mass balance gradient (fig 
1.2.1) appears more indicative of response time as it gives a recording of effective ice 
accumulation over altitude, therefore an estimate of ice transfer that will have to take 
place to maintain balance equilibrium (Nesje et aI., 1995). 
Sensitivity studies have illustrated the complex nature of balance and terminus response 
to fluctuation in significant climatic parameters. For example, Oerlemans (1992) 
examined snout and balance variations in two valley glaciers, Alfotbreen and 
Hellstugubreen, in addition to Nigardsbreen, an outlet glacier of the 10sterdalsbren ice 
cap in southern Norway; representing a gradient of increasing continentality in glacier 
characteristics. An energy balance model was used to simulate mass balance profiles 
and test sensitivity of glaciers to perturbations in precipitation and air temperature. 
Temperature sensitivity was found to be negatively related to continentality explained on 
the basis that as continentality increases, the rate of physical ice mass flux and motion 
17 
Bn net Balance 
ELA 
Bn=O 
Bs net summer balance 
Bw net winter balance 
Elevation 
A~ 
• • 
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: ,: ! 
· .. : ::
· " : :: 
· '. • ,t I 
: .:: 
· . : ::
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.. , 
,f ,f • 
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.' . 
,f I' , 
,',' : 
..... . ,,' ..... 
..... Ablation Accumulation 
net volume 
Dm mass (mm water equivalent) 
De elevation in the accumulation zone (meters) 
De' elevation in the accumulation zone 
Fig 1.2 Sketch of a mass balance diagram for a glacier, showing winter, summer and net 
ablation as a function of elevation. The equilibrium line altitude (ELA) is by definition 
the elevation at which the mass balance, Bb equals zero. The gradient of the net balance 
line at the ELA (DelDm) in mm/m· l defines the Activity index of the glacier, and a 
straight line approximation of the summer balance line defines the Ablation gradient. 
After Andrews (1975). 
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decreases. Precipitation sensitivity was also found negatively related to continentality. 
Precipitation sensitivity was less signiticant for snout change such that for the temperate 
glacier a 20% change in precipitation has roughly the same effect on the equilibrium line 
altitude as a 10 C temperature change. The largest sensitivity of the mass balance is 
found in lower elevations, which should enhance the sensitivity of glacier front position 
to climate change. The profiles of Nigardsbreen produced by a mass balance model 
with a single flow line (Oerlemans, 1992) suggest hypsometry and the fact that the 
mass-balance gradient is larger (smaller) for a warmer (colder) climate tends to enforce 
retreat (advance) of the glacier snout. 
Mass balance processes have been broadly categorised into accumulation and ablation. 
The significance of each energy or mass balance process depends on the prevailing local 
and regional climate of a glacier. Climate and climate variability are the principal 
controls of glacier mass balance. For wholly land based glaciers this assumption is true 
though non climatic balance processes may be locally significant, for example avalanche 
or wind redistribution (Mitchell, in press). 
Ablation of ice from an active glacier may take place by melting, evaporation, 
sublimation and mass wasting (calving, avalanche and wind deflation). The conditions 
for ice surface melting, the energetically most efficient ablation process, involve 
exposure to heat radiation, heat exchange with the air in contact with the glacier and 
condensation on the glacial surface (Paterson, 1994). The primary control on melting 
for continental glaciers is the net radiation flux (Oerlemans, 1992), while the sensible 
heat flux may be more impOltant for temperate and maritime glaciers. 
Accumulation of ice and snow is dominated by precipitation and condensation, though 
also includes avalanche and wind det1ation. In general terms, frontal precipitation from 
moist air masses in winter forms the most significant contribution to net accumulation 
for temperate maritime glaciers while rainfall is regarded as ineffective precipitation. 
Increasing continentality and latitude is marked by an increase in the significance of rain 
and condensation as effective accumulation. Regional topography (Sissons & 
Sutherland, 1976), exposure to wind det1ation (Dahl & Nesje, 1992; Mitchell, in press) 
and aspect are all secondary environmental variables that exerts a strong influence on 
accumulation (Sugden & John, 1991). Statistical evidence suggests glaciers may 
respond more quickly to changes in net ablation more rapidly than accumulation 
(Karlen, 1980). This is because accumulation on both continental and temperate glaciers 
is concentrated in the accumulation zone and therefore has to be transmitted through the 
glacier (Laumann & Reeh, 1993). Conversely, increased ablation of both glaciers may 
operate over the entire glacier surface (Sugden & John, 1991). 
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The glacier Equilibrium Line Altitude is sensitive to changes in accumulation and 
ablation and therefore may be used to monitor climate change where complete mass 
balance data is not available. The ELA is identified as the zone dividing glacier 
accumulation from ablation zones. At the ELA, ablation and accumulation are balanced 
and therefore the altitudinal gradients of these processes may be used to locate the ELA 
(fig 1.2.1). Climate change may alter the accumulation and ablation gradients and 
consequently the altitude of ELA where they are in unity. 
Surging phenomena in glaciers, operating over a hierarchy of magnitudes, causes 
significant balance instability within glaciers and consequently a break down in the 
relationship of glaciers and climate. Sugden & John (1991) suggest extreme 
fluctuations in ice flow velocity, translated to changes in snout position, occur through 
extreme kinematic waves in which mass accumulates in a reservoir in the upper glacier 
before being instantaneously discharged. Controlling parameters on surges are as 
contentious as their cause, though may include climate dependent characteristics such as 
precipitation distribution (Sugden & John, 1991), climate related characteristics such as 
basal meltwater (Birchfield & Weeman. 1983; Walder. 1982) and climate independent 
characteristics such as slope (Clarke. 1991). 
This section has discussed the nature of the glacial system and its response to climate 
change. however. a mention of the complexity of climate change cannot be avoided. 
Climate change in response to insolation forcing will have several components 
significant to glacier mass balance whose impact will differ between continental and 
maritime climates. For example the oceanic mixing layer damps and shifts the response 
of the climate system to any net radiative forced change (Oerlemans. 1992). Such an 
event will have an instant effect on ablation from turbulent heat flux. while increased 
ablation through specific radiant flux will be delayed due to the dampening effect of the 
ocean. The oceanic dampening will be less significant when the energy balance of a 
specific site depends less on horizontal advection of heat. Surface temperature in 
continental interiors should thus be expected to react more quickly to a climate change 
of the global radiation budget and this probably applies to some extent to deep valleys in 
mountainous regions (Oerlemans. 1989). 111is suggests there are two distinct responses 
to climate forcing events; an instant and a delayed response. 
1.2.2 Mountain glaciers 
This research will concentrate on using the record from mountain glaciers as 
palaeoclimate proxy records. Due to the variety in their location it is impossible to 
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describe mountain glaciers by their relation to any specific morpho-climatic zone 
(Sugden & John, 1991). Mountain glaciers can be used as a term to encompass niche, 
cirque, valley and other small glaciers which are all constrained by topography (Sugden 
& John, 1991). As a result the glaciers are relatively smaller than ice caps or ice sheets 
with a relatively simple response in ice geometry to mass balance change. 
1.2.3 Mountain glaciers as proxies for palaeoclimate. 
Reconstructions of glacier fluctuations provide important information on mass and 
energy fluxes at the Earth I atmosphere interface. Though other measures may be used, 
glacier response to climate change is given directly by reference to glacier mass balance 
(HaeberJi, 1995). Net or absolute mass balance of a glacier is, however, difficult to 
reconstruct for glaciers in the geological and geomorphological record due to the detail 
of glacier extent and flow characteristics required (Pierce, 1979) compared to the 
paucity of data available. It is therefore not surprising that Equilibrium Line Altitude 
(ELA) I snowline, Activity Index (Pierce, 1979; Murray & Locke, 1989) and Glaciation 
Threshold (England, 1986; Porter, 1979) have been used as proxies. Glacier ELA is 
often the most feasible parameter for palaeoglacier I climate reconstruction due to i) it is 
directly related to glacier mass balance (Ohmura et al., 1992) ii) the relative ease with 
which it can be reconstructed from the geomorphological record (SutherJand, 1984) and 
iii) its link to contemporary climate dynamics through empirical and numerical 
modelling (Ohmura et aI., 1992). It is therefore is focused on in this research. 
Equilibrium line altitudes (ELA) cannot be directly identified for former glaciers. 
Consequently several methods have been developed to estimate ELA including climatic 
predictors (Ohmura et al., 1992), numerical modelling (Braithwaite, 1984, OerJemans, 
1992), regional mass balance gradient (Dahl & Nesje, 1992; Oerlemans & 
Hoogendoorn, 1989) and numerical relationships in glacier geometry (see Nesje, 1988; 
Osmaston, 1975; Sutherland, 1984 for comprehensive reviews). If palaeo-ELA is to be 
used in climate reconstruction then only the last of these is a conceptually valid 
approach, utilising the geomorphological or geological record of former ice limits. On 
this basis, palaeo-ELA has been reconstructed in many mountains in both hemispheres 
including (Bradley, 1985; Porter, 1977; Porter et aI., 1983; Rodbell, 1992; Dahl & 
Nesje, 1992). 
While the ELA provides the a proxy, a relationship must be established between the 
proxy for glacier mass balance and climate. WaJcher (quoted in Kuhle, 1988, pp569) in 
the late 18th century was the first to attribute fluctuations in glaciers to climatic change. 
However, it was not until the work of Ahlmann (1924, 1948) who analysed climate 
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conditions on glaciers that attempts could be made to quantify the link. The first models 
used to link ELA (snowline) fluctuation to climate change were empirical. For example 
Leopold (1951) interpreted the depression of snowline in the western United States as 
indicating a drop in mean summer temperature based on a statistical relationship 
between the two parameters. The method is founded on the premise that change in mean 
summer temperature, a proxy for ablation (Sutherland, 1984), is the only control of 
Equilibrium Line Altitude. Assuming constant temperature conditions at the ELA, a 
change in mean summer temperature is a function of a change in ELA and the 
temperature lapse rate. This does provide a reasonable first order approximation of the 
temperature fluctuation associated with ELA change over glacial/interglacial cycles. 
However, it ignores the other primary climatic influence on ELA, that of accumulation. 
The use of independent estimates of palaeo-precipitation has enabled palaeoclimatic 
reconstruction integrating both parameters, however, such data was not available in this 
research. 
As end moraines are one of the significant components to palaeo-ELA reconstruction 
the characteristic landforms determine the accuracy of the reconstructions carried out. 
End moraine ridge formation in mountain glacier environments, though taking place by 
a palimpsest of processes, can often be ascribed to a single glacial environment i.e. ice 
advance or still stand. For example 'thrust' end moraines form the deposition of till 
delivered to the ice terminus along thrust planes within the ice while 'dump' moraines 
are formed by the deposition of ablation till at or near the ice margin and are often 
transported to the point of deposition by secondary mass movement processes (Sugden 
& John, 1991). Where these processes dominate the formation of a moraine they are 
often associated with a stable ice margin. End moraine ridges may also be formed by 
the thrust of basal sediments in front of the ice. While they are therefore associated with 
environments of ice advance alone they may also be formed by a relatively stable but 
fluctuating margin (Ruszczynska-Szenajch, 1982). 
The central difficulties posed by using moraines as proxy records for palaeoclimate lies 
in relating their record of glacier fluctuation to climate change, the paucity of their 
record and their dating. A central premise for the use of end moraines in palaeoclimate 
reconstruction is that a link may be made between the environment of end moraine 
deposition and the palaeoclimate associated with the landform. As the previously 
discussed, end moraine formation is not only associated with glacier steady state but 
also when a glacier responds to other factors forcing a change in mass balance. Further, 
in the previous section it was identified that glaciers may be far from being in 
equilibrium with climate when in a surging state. Most of the characteristic 
geomorphological features of surge glaciers, including looped medial moraines, are 
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rarely preserved therefore identification of these types of glaciers in a valley glacier 
situation is often impossible (Hart, pers. comm.). It is therefore necessary to use the 
end moraine landforms and other elements of the landscape to interpret the glacial 
environment of deposition and consequently the significance of the reconstructed 
palaeoclimate. 
Incompleteness of moraine records is a major problem to this proxy record of climate 
change. Using age difference plots of glacier chronologies from both hemispheres, 
Kirkbride & Brazier (unpublished) come to the conclusion that the periodicy of glacier 
expansions is largely pre-determined by the geomorphological context, including 
moraine burrial or concealment and erosion, of glacier landforms recorded and by the 
dating technique used. As a consequence the characteristic of synchroneity between 
adjacent regions may be artificial. Working with a large dataset of glaciers may 
overcome this problem. 
"By far the greatest difficulty in the use of glacier front positions as a palaeoclimatic 
index is the problem of dating the glacial deposits" (Bradley, 1985; pp238). Moraines 
are often dated by deposits stratigraphically adjacent to them except in a relative context 
(Bradley, 1985). While recent developments in radiometric and luminescence dating has 
advanced the precision with which deposits can be dated, for example the calibration of 
14C dates for changes in atmospheric C02 (Stuiver & Reimer, 1993), they are subject 
to the ambiguity associated with any bracketing age. 
Studies on glacier fluctuations have combined low resolution dating with high 
resolution tree ring dating to provide successful results on the exact timing of glacier 
advance. For example dendrochronological studies at Robson and Bennington Glaciers, 
by Luckman (1993, 1995) have provided the first calendar dating of an early 'Little Ice 
Age' glacier advance in North America. Dates derived from in-situ stumps indicate that 
Robson Glacier began over-riding forest between c. AD 1142 and 1150 and continued 
until at least AD 1350. The highest rates of glacier advance were identified at between 
AD 1214 and 1261 based on a series of kill dates from in-situ stumps. Even with 
surface age dating such as lichenometry and tree rings where higher accuracy in age is 
possible the ambiguity in colonisation is equally problematic when analysing glacier 
synchroneity (Innes, 1985). 
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1.3 The geological record of climate change in the eastern Black Sea 
1.3.1 The glacial record in the Pontic and Southern Caucasus mountains 
The Pontic Mountains (fig 1.3.1a) trend approximately east west along the northern 
coast of Turkey and are highest in the east reaching altitudes of 3000 to 3932 m.a.s.l. 
There is abundant evidence for the former greater extent of mountain glaciers 
throughout the northern slopes of the eastern Pontic chain, on peaks in excess of 3000 
m.a.s.l. (Birman, 1968; De Planhol & Bilgin, 1964; Erin't, 1949, 1952; Gall, 1966; 
Messerli, 1967). The first reference to former glaciation in the Pontic Mountains comes 
from a paper by Ainsworth (1842). This describes the vestiges of glaciers occupying 
terrains that bore signs of the former greater extent of glaciers. Since this work evidence 
for the greater extent of glaciers in the Pontic mountains has accumulated. Descriptions 
of evidence for former glaciation at Karagol Dag has been given by De Planhol & 
Bilgin (1964), Camlik valley adjacent to Atdagl by Birman (1968), Goller Dag and 
Ka'tkar Dag by Dogu et al. (1993, 1994). Descriptions of moraines in the now 
deglaciated valleys of the southern slopes of the Pontic mountains come from 
Altiparmak, Gjaur Dag, Mescit Dag and Tatos Daglan by LMfer (1970). The first and 
only attempt to map evidence for glacier fluctuation in detail was made by Dogu et af. 
(1993) at Ka'tkar Dag (fig 1.3.lb). 
Due to the presence of a contemporary valley glacier at Ka'tkar Dag this site has 
attracted substantial interest and there are many descriptions landforms marking its 
greater extent. Dogu et af. (1993) provides the most comprehensive description 
including a geomorphological map (tig 1.3.1b and summarised in table 1.3.1). From 
the geomorphological map the following former ice limits can be inferred. Closest to the 
contemporary Ka'tkar glacier limit there are accumulations of young moraine forming a 
single margin (stage 8 in table 1.3.1). In front of this, but still within the hanging valley 
of Oktizyatagl Gdlti, there is a three stage sequence of moraines. The terminus for the 
outer moraine from this group lies at the bottom of the hanging valley and within the 
main Kavron valley (stage 4 in table 1.3.1). Similarly the only ice marginal feature 
associated with Dereba~l Gdlii is located at the entrance to the hanging valley. 
However, there appears to be a moraine ridge at A. Kavron (stage I in table 1.3.1) 
further down the valley. Subsequent to this, a map in Dogu et af. (1994) (fig 1.3.2) 
identifies a cross valley moraine in the upper reaches of Kavron valley (stage 3 in table 
1.3.1) between Y. Kavron and the moraine marking the entrance to hanging valley. 
There is some similarity with the Kavron valley moraine sequence in tig 1.3.1 band 
those in an earlier map by Gall (1966) (fig 1.3.3). In this map, however, the moraine 
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Table 1.3.1 End moraine stages identified for Kavron valley including Ka~kar Dag 
hanging Valley. 
Moraine stage I Altitude 
1 A. Kavron 
ca. 2000 m.a.s.l. 
2 Y. Kavron 
ca. 2130 m.a.s.l. 
3 Central Kavron valley 
ca. 2300 m.a.s.l. 
4 Bottom of entrance to 
hanging valley ca. 2350 
m.a.s.l. 
5 Top of entrance to 
hanging valley ca. 2500 
m.a.s.l. 
6 Adjacent to Okiizyatagl 
G 01 ii. 
7 in front of Ka~kar glaciers 
ca. 2900 m.a.s.l. 
8 Adjacent to Ka~kar 
glaciers ca. 3000 m.a.s.l . 
Dogu et. al. (1993) 
--J (present in text) 
--J (Dogu et. al .• 1994) 
..J Present in description or map 
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stages 1 and 4 (table 1.3.1) are not identified. The map does identify a stage at the top 
to the entrance to Okiizyatagl Giilii hanging valley (stage 5 in table 1.3.1) and in front 
of the Ka"kar glaciers (stage 7 in table 1.3.1). Gall (1966) also identifies a small glacier 
and two sequences of rock glaciers at Dereba~l G 01 u hanging valley. The 
palaeosnowline is located at 2635 m.a.s.l. (Dogu et al., 1993) though it is not specified 
which moraines these relate to. 
Dogu et al. (1993) describe glaciallandforms from adjacent valleys. A terminal moraine 
in Ceymakcur valley, adjacent and to the east of Kavron valley, is identified at A. 
Ceymakcur village. The palaeo-snowline relating to this lower valley moraine is given 
as 2675 m.a.s.l. To the west, Dogu et al. (1994) have described the evidence for the 
former existence of glaciers in Elevit, Hacivanak, Palovit and Trovit valleys of the 
Goller Dag (fig 1.3.2). All, while possessing a form typical of glacial development, 
have only fragmentary evidence for former ice limits. In Elevit and Hacivanak valleys 
'young' moraines have been identified at an altitude of 3050 - 3100 m.a.s.l. Lateral 
moraines are best preserved at ca. 2900 m.a.s.l. in the main Hacivanak valley but, 
however, are also present in the Trovit valley. The Pleistocene snowline in the region 
calculated on the basis of this evidence is at 2500-2600 m.a.s.l. (Dogu et al., 1993). 
Contemporary rock glacier activity has been observed in the head wall region of all these 
valleys. 
East of the Goller Dag is Ven;:enik Dag. Gall (1966) presents a geomorphological map 
of former ice marginal features on the northern slopes of this mountain (fig 1.3.4). This 
evidence suggests nine stages of moraine formation marking former ice limits, the 
lowest of which is at 1900 m.a.s.l. and includes rock glacier development in the 
headwall region. Further east, Bh·man (1968) describes termino-lateral and lateral 
sections of a moraine at Camlik valley, adjacent to Atdagl, descending to an altitude of 
approximately 2500 m.a.s.l. which is believed to mark the extent of a glacier 
descending from a north facing cirque. The greater extent of ice beyond these limits is 
inferred from drift like material though there are no clear ice marginal features (Birman, 
1968). Closer to the headwall ch·que, rock glacier and talus activity are identified. 
As with all the mentioned moraines, no reliable relative or absolute dates are given for 
the time of formation. Despite this, the first summary of late Pleistocene glacier 
fluctuation at Ka"kar Dag was proposed by Erin" (1952). Erin" (1952, pp. 96) 
suggested there was a postglacial expansion after a general shrinkage following the last 
Pleistocene glaciation. It was suggested that this phase is proved by recent moraines, 
which are partly covered by outwash deposits. It was deduced that a general shrinkage 
in the following (historical) epoch, which, continuing up to the present time, was 
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Fig 1.3.4 Geomorphological map of Ver\(enik Dag. After Gall (1965. pp269). 
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interrupted by various phases of re-expansion of minor importance. The last shrinkage 
was believed to date back to the second half of the nineteenth century. This 
interpretation was, however, not supported by relative or absolute dating techniques. 
The last phase of shrinkage did precede Leutelt's (1935) visit. More recently Gall 
(1966) carried out lichenometry at Verc;enik Dag, Kalikar Dag and Altiparmak Dag. 
Results suggest two spatially synchronous advance stages at 1720 and 1920 (Horvath, 
1975). However, the sampling strategy for the calculation of lichenometric dates was 
not explained and no description of regional lichen curves were given and therefore the 
result are only speculative. Dogu et al. (1993) interpret mapped features of ice limits in 
Ka~kar Dag as indicating two Wiirm stages (oxygen isotope stage 2) and a recent ice 
advance. 
Messerli (1967) reconstructed the Last Glacial Maximum snow lines in Turkey, 
including the Pontic mountains, and other regions of the Eastern Mediterranean based 
on a limited assessment of geomorphological evidence (fig 1.3.5). From this it is 
suggested that the late Pleistocene snow line at Kalikar Dag and on other peaks of the 
northern slopes of the Pontic mountains was approximately 2400 m.a.s.!. This is 
significantly bellow the estimate of Dogu et al. (1993) for glaciers in the Ka\ikar Dag 
and the GCiller Dag. 
In the northern periphery of the eastern Black Sea there now exists unequivocal 
geomorphologic and sedimentologic evidence for glacier fluctuations within the 
southern slopes of the Caucasus mountains over a hierarchy of time scales during the 
Quaternary. Zubakov (1993) suggests there were two glaciations in the Caucasus 
mountains, the Kusarskoe and Shahhnabadskoe (mid and upper Quaternary 
respectively). Snowlines for the Last Glacial Maximum in the Caucasus mountains have 
been reconstructed (fig 1.3.6). Respective depression of mean summer temperature in 
the Caucasus mountains was approximately 6° C (Lebedeva & Khodakov, 1984). 
Dating of the last glacial maximum and therefore the correlation of deposits, is 
contentious due to lack of reliable confining dates (Serebryanny, pers. comm). One 
significant conclusion from this information is that reconstructed gradient of regional 
snowline matches contemporary trends increasing east to west with rising continentality 
(Treeva, 1978). 
Neoglacial advances occurred in the southern Caucasus earlier than 8600 yr. B.P., 
between 6400 and 4200 yr. B.P., around 3000 yr. B.P., and a number of times later 
against a background of general retreat throughout the Holocene (Kotlyakov & Krenke, 
1979). These episodes are not substantiated by reliable radiometIic dates (Serebryanny, 
pers. comm.). Equally there are no radiometric dates confirming a Younger Dryas 
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Fig 1.3.5 Snowlines in the eastern Mediterranean at the Last Glacial Maximum from 
Messerli (1967). 
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glacier readvance or pollen sequences which are clearly indicative or dated at this 
climatic event (Serebryanny, pers. comm.). 
Tree line records (fig 1.3.7) imply peIiods of Holocene glacier advance were set against 
the general trend of climate amelioration in the north-eastern Black Sea. Dating 
moraines suggests that the Bakkyam Glacier, in the Bakkyam mountains of the 
southern Caucasus advanced about 4500-4000 yr. B.P. (Serebryanny et aI., 1984) 
simultaneously with a downwards migration of vegetation belts in the Inguri River 
basin. Additionally, pollen spectra found in this region provide evidence of increased 
snowfall (Serebryanny and Solomina, 1996). This evidence has been used to suggest a 
simultaneous decrease in temperature and increase in humidity duIing similar wind 
circulation patterns in the region to that of today. Palynologic evidence suggests the 
boundary between the Sub-bOl'eal and the Sub-atlantic was at about 2800 yr BP 
(Serebryanny et aI., 1984) on both macroslopes of the Caucasus mountains. According 
to Kotlyakov & Krenke (1979) traces of former glaciations in the central Caucasus 
mountains indicate that the last but one period of glacial advance was over by 1500 yr. 
B.P. 
It is known that in the Alps the warming of the Medieval warm period (14th to mid ISth 
century in western Europe) was even greater than that of today, and the glaciers were 
correspondingly smaller (Ladurie, 1972). In the Southern Caucasus, according to 
indirect data, this warming was also rather pronounced. The upper timberline has been 
calculated at about 200-300 m higher than today. That can be taken as evidence of a 3° 
C increase in summer mean temperature compared with those of today (Turmanina, 
1987). This event may relate to the Arkhyz interruption evident in other parts of the 
southern Caucasus mountains. The Arkhyz is a continuous warm interval just before 
the Little Ice Age identified in the Caucasus mountains including the southern 
macroslopes (Serebryanny,pers. comm.). This was marked by a considerable retreat of 
mountain glaciers (Tushinskiy, 1959), evidence for which exists from former lake 
levels at Issyk Kul (Shnitnikov, 1978). 
The Little Ice Age in the southern Caucasus mountains is marked by two glacial 
advance phases. One in the second half of the 13th to early 14th century (SOO 1600 BP) 
with an equilibrium line altitude depression of 14S-160m, and another in the early 17th 
to the mid 19th century with an equilibrium line altitude depression of SO-60m. In the 
latter period mean annual temperatures were 0.3°C below present and mean annual 
rainfall 120 mm above present (Serebryanny & Solomina, 1996). This is below the 
average value of 1.S °C estimated by Krenke et al. (1991) for glaciers in 19th century. 
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Translation of key 
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Geomorphological evidence for these events, particularly end moraines, were dated by 
lichenometry . 
Glacier fluctuation on the southern slopes of the Caucasus mountains from the mid 19th 
century to the mid twentieth century is one of general retreat punctuated by episodic 
readvance (Golodkovskaya, 1982). Towards the middle of the twentieth century retreat 
of the glaciers came to a halt (Grove, 1988). Bedford & Barry (1995) examined records 
of terminus positions for the 1960's to 1980's for 51 glaciers in both the southern and 
northern Caucasus Mountains. These records were analysed as percentage of glaciers 
observed retreating, advancing and stationary. The main result was the absence of a 
clear trend towards glacier advance, as found in the Alps during this time period 
(Patzelt, 1985; Wood, 1988). 
1.3.2 Other palaeoenvironmental records of climate change in the eastern 
Black Sea 
What could be one of the major yet little explored influences on the palaeoc1imate of the 
Late Pleistocene I early Holocene Black Sea is its development as a freshwater lake and 
in association with receipt of glacial meltwaters. The Black Sea became an enclosed 
basin before the Last Glacial Maximum due to the fall in global sea levels and 
consequently freshwater conditions developed. The late Weichselian (oxygen isotope 
stage 2) Dniepr and Danube rivers carried meltwater from the Scandinavian ice sheets to 
the Black Sea to boost sea levels and maintain freshwater (slightly brackish) 
characteristics (Stanislav et aI., 1995). At 25,000 yr. B.P. the Black Sea's 
metamorphosis to freshwater conditions was complete. This state lasted for 12-13000 
years. Starting around 9000 yr. B.P. and continuing to about 7000 yr. B.P. the 
Mediterranean Sea level rose and water overspilled the Bosphorus sill, until stagnant 
conditions dominated in the Black Sea (Ross & Degens, 1974). During the remainder 
of the Holocene sea level paralleled those of the rest of the world (Fedorov, 1982). 
Due to the limited extent of the coastal shelf, sea level fall in the Black Sea had a limited 
impact of surface area, particularly in the eastern waters. No research has been done to 
reconstruct the effect that basin isolation and the move towards fresh water conditions 
may have had on its interaction with regional climate. Research has, however, been 
carried out into the palaeo-environmental conditions of the Mediterranean Sea. Sea 
surface conditions in the central and eastern Mediterranean Sea are climatically 
important as they control the development of the Mediterranean air mass. Water-
balance-biome and ocean general circulation models by Bigg (1994; 1995) imply that 
evaporation at the Last Glacial Maximum over the Mediterranean was reduced compared 
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with that of today and the temperatures of the eastern basin were only modestly 
different from today. Results from the ocean model estimate an average of I - 2° C 
cooling in the central and eastern Mediterranean (Bigg, 1994) which suggests sea 
surface temperatures could have ranged from 18 to 21 ° C. Earlier estimates of the 
cooling from Thunell (1979) were up to 4° C below present. Consequently the 
Mediterranean air mass may have been cooler and drier at this time. 
Sediment cores in the eastern Black Sea may provide some information on late 
Holocene climate change in the region. Varve counts suggest peak coccolith production 
occurred during the European Little Ice Age (Hay et al., 1991). Increased winter 
storms during this period may have been responsible for raising more nutrients from the 
deep waters to the surface layer which would have increased coccolith productivity. 
Colder temperatures during this period may also be implied by sharply lower 
temperatures from alketone measurements (Hay et aI., 1991). 
1.3.3 The geological record for climate change from adjacent regions 
Other mountains in Turkey at present lie above the contemporary snow line and 
therefore it is not surprising that these also show evidence of former more extensive 
glaciation. Birman (1968) describe evidence for Quaternary glaciation at Bolkar Dag in 
the eastern Taurus mountains and for Ala Dag in the central Taurus mountains 
(Spreitzer, 1972). They both suggests post Wisconsin activity (equivalent to Wiirm) 
from the freshness of cirques and trimlines at the head of the valley near contemporary 
perennial snow and ice masses. The south-eastern Taurus Mountains are the most 
important contemporary glacierized region in Turkey and more than 20 glaciers have 
been identified in this range (Erin~, 1952). Glaciers in this region are especially well 
developed on two mountain groups, the first of which is the Buzul Mountains and 
Ikiyaka Mountains and it is here that the best evidence comes for glaciers greater extent 
in the Pleistocene. Erin~ (1952) discusses the possible age of end moraines close to the 
then present ice margin and suggests they may be recent. There is, however, no 
discussion of evidence for the extent of the glaciers during the last glacial stage. 
Pleistocene glaciation in central Turkey is well represented on Erciyes Dag, a large early 
Pleistocene volcano about 20 km south of Kayseri. Both Messerli (1967) and Birman 
(1968) identified evidence of the radial development of valley glaciers during the Wiirm 
(oxygen isotope stage 1); though as with other sequences in Turkey the events are not 
confirmed by absolute dating. Erin~ (1952) summarises the sequence as follows: a 
shrinkage in the period succeeding the last glaciation, which perhaps led to a total 
disappearance of the glacier during the climatic optimum. This was followed by a 
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regeneration and expansion of the glaciers in a cooler period with probably higher 
precipitation than today and the building of the lowest recent end moraines. A relatively 
cooler period in 'Recent' times is attributed to a second set of terminal moraines at 3150 
m.a.s.l. A relatively warmer and drier period which lasts to present time followed 
causing the continual shrinkage of the glacier. A report from the semi official Anatolian 
News Agency in August, 1989 commented that part to the ice covering the rocks on the 
summit of Erciyes Dag melted away revealing a Roman temple hewn into the rocks. 
This suggests the ice had significantly retreated around 2000 yr. B.P. and had since re-
advanced at least once (Neumann, 1991). This is significant as it is the only confining 
absolute (bracketed) date for glacier fluctuations in Turkey. 
Evidence exists at Uludag for the former greater extent of glaciers. The Uludag massif 
is located in western Anatolia close to the Sea of Marmara and near the town of Bursa. 
The massif is in the form of a ridge trending north-west with short, relatively flat 
topped crest about 12 km long and 800m wide with a maximum elevation of 2500 
m.a.s.1. The north-east facing slope has four fresh looking cirques while in south-west 
facing cirques glaciation is absent or less recent and less extensive. One fresh looking 
cirque about 4 km south-east of the Uludag oteli which contains a small glacier has 
several moraines down valley from the head wall. The cirque floor is at about 2300 
m.a.s.1. and the direction of ice flow was northerly and north-westerly. The ice has 
retreated 50m from the base of the nearest moraine (Birman, 1968) suggesting recent 
still-stand followed by retreat. 
The broad sequence of glacier fluctuations in the northern Caucasus mountains are 
comparable to that of the southern slopes. Kotlyakov (in press) has reconstructed the 
Last Glacial Maximum glaciers and infers that snow line depression was greater on the 
northern slopes during this period. However, these have also not been dated 
radiometrically. Lichenometric ages for moraines associated with retreat from the Little 
Ice Age is synchronised between northern and southern macroslopes (Golodkovskaya, 
1982). There is, however, no evidence of glacier expansion in the 14th/15th century in 
the northern Caucasus as observed in the southern Caucasus mountains 
(Golodkovskaya, 1982). 
To summarise, despite contradictory descriptions, there is preliminary evidence for 
glacier fluctuations in the northern Pontic mountains and the eastern Black Sea as a 
whole. Further, the persistence of a niche glacier in Kavron valley, north-eastern Pontic 
mountains enables palaeoclimatic reconstruction up to the present day. There have, 
however, been no other investigations in the immediate region which can be used to 
complement glacial and palaeoclimatic reconstructions directly, although fragmentary 
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evidence from pollen cores and tree line studies in the southern Caucasus mountains, 
and cores from the Black Sea containing coccoliths may be used to provide qualitative 
support. 
1.4 Thesis Aims and Objectives 
The Kavron valley, in the Pontic Mountains, has been shown to provide the 
opportunity to reconstruct the history of glacier fluctuations in the eastern Black Sea 
region, making it possible to compare some aspects of climate change here with the 
sequence in surrounding areas and further afield. 
On examination it is apparent that the previous studies of glacier fluctuations in the 
Kavron valley are notable for their discrepancies. It is also apparent that the landforms 
of glacial origin have not previously been dated and therefore this study which will 
attempt to carry out relative dating will make past chronologies ripe for re·evaluation. 
The research will also seek to apply quantitative methods to climate reconstruction from 
the glacial evidence which has in the past only been approached using qualitative 
methods. 
The reconstruction of glaciers has been achieved through fieldwork including 
geomorphological mapping of ice marginal landforms and relative dating to place the 
features in age dependent chronology (chapter 4). This research will emphasise the use 
of a multi-parametric approach to relative dating in which deductive methodology is 
used to analyse data for factors influencing the sequence other than relative age (chapter 
5). Palaeoclimate inferences will be made using reconstructed glacier characteristics 
sensitive to climate and derived from the initial geomorphological mapping (chapter 4) 
therefore providing an independent assessment of climate change. Both this and the 
glacial record from the southern Caucasus mountains will be used in the development of 
hypothesis to account for observed palaeoclimatic fluctuations in the eastern Black Sea 
and place the results within the record of climate change from adjacent regions (chapter 
6). 
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Chapter 2. Description of the research site 
2.1 Site location 
Fieldwork in Kavron valley, Pontic mountains, north-east Turkey (fig 1.3.1a) was 
carried out during August and September 1996. The valley has, within its headwaters, 
Ka~kar Dag peak and glacier. 
2.2 Contemporary glacial, nival and periglacial activity in the eastern 
Pontic Mountains. 
The highest part of the Pontic mountains, which includes Ka~kar Dag, is south of the 
town of Arde~en, between latitudes 400 50' and 41°N. In this region, glacial and 
periglacial activity are most highly developed. Three niche glaciers are situated on the 
northern part of the summit of Ka~kar Dag. Ka~kar 2 glacier extends 1.5 km in length. 
The altitude extent is estimated by Kurter (1991) as 3650 to 2900 m.a.s.1. while Dogu 
et al. (1993) estimates it at 3600 to 3000 m.a.s.1. Ka~kar 1 and 3 glaciers originate at an 
altitude of 3650 m.a.s.!. and terminate at 2900 and 3130 m.a.s.!. respectively (Kurter, 
1991). According to Kurter (1991) the snowline in this part of the range is 3400 
m.a.s.!., close to Messerli's (1967) estimate (fig 2.2.1). 
South-west of Ka~kar Dag, the peak continues as a ridge, the Soganh Daglan, fonning 
the divide for valleys draining south. Hastaf valley, one of the south draining valleys, 
contains a small glacier, the Krenek 2, in its upper reaches. This originates at an 
elevation of 3760 and terminates at 3350 m.a.s.1. (Kurter, 1991). Parallel and adjacent 
to Hastaf valley is Diibe valley. In the headwall cirque at ca. 3130 m.a.s.1. lies a small 
glacier. There is also a small glacier in the Altipmmak Daglan east of Ka~kar Dag lying 
at an elevation of 3562 m.a.s.1. 
Within the Goller Daglan, north draining valleys adjacent to Kavron valley, Dogu et 
al. (1994) observed rock glacier emanating from cirques. At the head of Elevit valley 
these lay at 3050-3100 m.a.s.1. in western and 2900-3000 m.a.s.!. in eastern side of 
the Valley. In Hacivanak valley they were located at 3100-3150 m.a.s.1. Photographic 
evidence included in this research suggests the process of rock glacier formation at 
Hacivanak valley is associated with debris avalanche of bedrock onto perennial 
snow/ice masses. Associated with rock glaciers are other indicators of periglacial 
activity including active gelifluction lobes (DOgU et aI., 1994). Several rock glaciers are 
located north-east of the summit of Mount Ver~enik (Kurter, 1991) lying further to the 
south-west and on the northern slopes of the Pontic mountains. A mountain glacier on 
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fig 2.2.1 Contemporary Snowllne in Central and Eastern Turkey. After Messerll (1967) 
the summit at Sinancor, within Mount Ver~enik, hangs down to the north east and is 
approximately 300m in length. Dilek Tepe Glacier has a length of 700m and is located 
on the north slope of Mount Ver~enik. The elevation of the snowline in this area is 
about 3500 m.a.s.l. (Kurter, 1991). 
Further west but still on the northern slopes of the main Pontic chain are found small 
glaciers, for example those at Varsanba Tepe (3710 m.a.s.!.; 40° 40' and 40° 46' N, 40° 
52' and 41 ° 05' E), Atdagl (3395 m.a.s.!.) in the Soganli Daglan and Aptalmusa Dagl 
(3331 m.a.s.!.) in the Gavur mountains (Kurter, 1991). Further west in the Giresun 
Mountains KaragOl Dag (3107 m.a.s.l.) supports a small glacier, about 80m in length 
and located in a cirque on the north western part of this mountain. Some small glaciers 
are also present on north facing slopes. The elevation of the snow line is at 2900 
m.a.s.l. which is lower than the snowline in the Eastern Pontic Mountains (Kurter, 
1991). This is accounted for by favourable cloudiness and relatively higher 
accumulation (De Planhol & Bilgin 1964). 
Other areas of present mountain glaciation in Turkey are located on peaks of dormant 
volcanoes in the Anatolian interior including Erciyes, Agri Dag, and Suphan (Kurter 
1991, Gl), and the south-central to south-eastern Taurus Mountains. At Erciyes Dagl 
(3600 m.a.s.l.; 38° 31' and 38° 34' Nand longitudes 35° 24' and 35° 28' E), north of 
the central Taurus range, a glacier exists on the northern slope extending from 3800 to 
3400 m.a.s.!. (Kurter, 1991). A second glacier extends to the east from a large cirque 
and appears to become a rock glacier at an elevation of 3100 m.a.s.l. (Gliner & Emre, 
1983). Agn Dagl (5137 m.a.s.!.) in the eastern extreme of Turkey supports an ice cap. 
In the north-west, the ice cap extends down to an altitude of 4100 m.a.s.l. and covers 
an area of 10 krn2 (Kurter & Sungur 1980). The elevation of the snow line on Mount 
Agn is estimated to be at 4300 m.a.s.!. (Klaer, 1965; Kurter and Sungur, 1980). 
South of lake Van, Hasanbesir Dag in the Kavussahap Daglan supports a small glacier. 
As on the glacier, the mean elevation of the snow line in this area is 3400 m.a.s.!., so 
that the existing glaciers are probably the result of unusual local climatological and 
physiographic conditions (Kurter, 1991). North of lake Van, the elevation of the snow 
line on Suphan Dail (4058 m.a.s.l.) is around 3700-4000 m.a.s.l., with a mean 
elevation of about 3900m. Consequently a glacier has developed on the north-facing 
slope of the crater. This has a width of2 km and a length of 1.5 km (Kurter, 1991). 
In the Bolkar Mountains, located in the central Taurus mountain range, several small 
niche glaciers continue to exist on sheltered northern slopes. The most significan t of 
these is the Lolut Glacier (Kurter, 1991). Glaciers in this region are sustained by winter 
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accumulation from maritime air masses moving in a northerly direction over the Taurus 
mountains from the Mediterranean Sea combined with favourable aspect to shelter from 
ablation (Kurter, 1991). The south-eastern Taurus Mountains are the most important 
glacierized region in Turkey. More than 20 glaciers have been identified in this range 
(Erin~, 1952). Glaciers are especially well developed on two mountain groups, the 
Buzul Mountains and Dolampar Dagt. In the Buzul Mountains the snow line is 
approximately 3600 m.a.s.!. (Kurter, 1991). Here the Uludoruk Glacier has a length of 
almost 4 km and extends down to an elevation of 3000 m.a.s.l. At Dolampar Dagt 
(3794 m.a.s.!.) the elevation of the snow line in the area is 3500 m.a.s.!. The largest 
glacier here is the Geverok Glacier which extends in a north-westerly direction and has 
a length of about 1 km (Kurter, 1991). 
2.3 Glacier climate relationships in the eastern Black Sea region 
2.3.1 The physio • climatic region of the eastern Black Sea and 
hinterland 
The Black Sea is a north-eastern extension of the Mediterranean. The topography of the 
land area adjacent to the Black Sea varies widely and may be considered a key 
determinant of the division between the eastern and western regions. To the north of the 
Black Sea there is level plain, stretching virtually uninterrupted to the Baltic Sea and 
east through the Don and Dniepr plain. Thus there is no barrier to the direction access of 
air flowing to the northern part of the Black Sea from the quadrant between north-north-
west and east-north-east. The western side of the Black Sea is dominated by the Danube 
basin. This extends westwards between the Transylvanian Alps and the Balkan I 
Rhodope mountain ranges, and then north-westwards to the Hungarian plain; beyond 
which are the Austrian Alps and Carpathians. The southern and eastern shores are 
bordered by higher ground. The Pontic mountains border the southern and south-
eastern shores, rising from 450 m.a.s.l. in the west, where altitude is up to 3200 
m.a.s.l. in the east with several peaks above 3500 m.a.s.l. This marks the northern 
boundary of the Anatolian plateau. To the east there is the north-west to south-east 
Caucasus mountains chain, with considerable areas above 3000 m.a.s.l. and peaks to 
over 4500 m.a.s.!. Mount Elbrus, the highest peak in the Caucasus, reaches 5628 
m.a.s.!. Between these two major topographic features is a narrow gap which runs 
east-south-east from Poti on the east coast of the Black Sea to Tbilisi and on to the 
Caspian near Baku. Here heights are no more than about 450 m.a.s.l. (HMSO, 1963). 
Identification of the eastern Black Sea as a climatic region in its own right highlighted in 
map by Erin~ (1950) showing Thornthwaite's climate classification for Turkey (fig 
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2.3.1). This identifies the south-central and south-eastem Black Sea coast, a substantial 
part of the Pontic mountains, as per-humid whereas the Anatolian plateau is 
predominantly semi-arid or dry sub-humid. TIle uniqueness of tile eastem Black sea lies 
in the orographic enhancement of precipitation resulting in high mean annual 
precipitation over the coast and peripheral mountains. 
2.3.2 Climate of the eastern Black Sea and its implications for glacier 
mass balance 
The Black Sea is situated well into the continental area of Europe and Asia. Except for 
air from the Mediterranean, maritime air masses reaching the Black Sea will have 
undergone considerable modification by a continental track. The character of air masses 
reaching tile Black Sea are therefore intimately related to the nature of modification 
during track (HMSO, 1963). 
Maritime Polar air masses, approaching the Black Sea from the nortll-north-west, may 
be drawn from Baltic or Atlantic air. Polar air flowing across tile Baltic or North Sea are 
altered by the sea crossing inducing moisture into its lower layers. As there is no high 
ground barrier from the Baltic to the Black Sea and the land over which such an air 
mass approaches tile Black Sea is markedly cold and often snow-covered tile air mass is 
stable in its lower layers. Consequently the air mass reaches the Black Sea with 
considerable moisture still present in the lower layers (HMSO, 1963). Convection 
phenomena associated with the passage of the air mass are associated witll tile passage 
over wanner sea area giving increased instability. Polar air from the North Atlantic 
flowing can approach the Black Sea from the west-nOlth-west across western Europe. 
Drying and greater stability results from crossing over a high land barrier and passage 
over tile Black Sea also leads to instability, with convection taking place after crossing 
this warmer surface (HMSO, 1963). 
Siberian Continental Polar air may approach the Black Sea from north and nortll-east, 
across European Russia. The track crosses low lying and snow covered ground which 
leads to a very cold air mass with marked stability in the lower levels often associated 
with a surface inversion. Caspian Continental Polar air from the southern limits of the 
Siberian anticyclone approaches the Black Sea from the east or soutll-east. This track is 
mostly on land including high ground on the eastem and southern side of Black Sea and 
consequently it is markedly dry. When the air passes over water, marked stability is 
induced (HMSO, 1963). 
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Fig 2.3.1 Moisture regions in Turkey according to Thornthwait's classification. After Erine; (1950) 
Maritime tropical air forming the wanTI sectors of depressions passing over France or 
Tropical Continental air from north Africa are the source of Mediterranean air. Air 
masses are modified by the long sea crossing before reaching the Black Sea and warm 
sectors mostly occlude before arrival. Mediterranean air often passes over high ground 
to the south before reaching the Black Sea and such a track must inevitably lead to some 
warming and drying of the lower layers (HMSO, 1963). 
The northern sector of the region receives most of its precipitation during the winter half 
of the year, in association with middle to high-latitude westerly depressions whose 
tracks are steered by the sub-tropical jet stream (Wigley & Farmer, 1982). At this time 
of the year the upper level (500 mb) Westerlies impinge on Europe at the latitude of 
southern France, bringing precipitation to a broad band across southern Europe. Low 
insolation at ground level leads to low temperatures and the formation of a high-
pressure cell (Siberian Anticyclone). The corresponding Icelandic Low and Aleutian 
Low pressure cells form over the warmer oceans. Surface westerlies flow around the 
southern margin of the Icelandic low (Harrison et al., 1996). Atlantic polar front 
depressions move eastwards crossing northern Europe and are usually occluded by the 
time they reach the longitude of the Black Sea. The anlval of occlusions or active cold 
fronts is marked by the onset of a fresh outbreak of polar air. Arctic fronts are usually 
very active and mark the onset of particularly bad weather (HMSO, 1963). Depressions 
from the Mediterranean front usually [OIm on the front separating Mediterranean air 
from old maritime polar air, but sometimes the warm front may properly be regarded as 
the division between Mediterranean air and cold continental air from the Caspian basin 
(HMSO, 1963). These depressions move east or north-east approaching the Black Sea 
either from the Aegean through the Sea of Marmara or from the Adriatic over Bulgaria 
and Romania. 
In the winter months the air over the Black Sea region is dominated by the large 
Siberian anticyclone, whilst the Mediten·anean region is one of relatively low pressure. 
Thus, south-easterly winds might be expected to predominate in the west Black Sea 
region (HMSO, 1963). The Caucasus mountains shelter the eastern Black Sea from the 
cold outbursts from the Siberian anticyclone. A high-pressure ridge associated with the 
Siberian anticyclone frequently extends as far westwards as 30° E (Martyn, 1992), 
allowing cold, easterly flow into the region. The Azores anticyclone does not usually 
influence areas farther east than the extreme east Mediterranean (HMSO, 1963). 
No direct study has been made into the climatology of glacier accumulation in the 
eastern Pontic Mountains. This is hindered by the absence of high altitude 
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meteorological stations. Topographically enhanced depressions combine to form what 
is probably the principal source of accumulation in the eastern Black Sea concentrated 
in the months October to April (fig 2.3.2). The Black Sea significantly influences 
depressions entering the region. For example Maritime Polar air masses from the Baltic 
or North Atlantic arrive stable in the lower layers and consequently the warmth of the 
Black Sea induces instability (HMSO, 1963). The relative difference in the air 
temperature I sea surface temperature critical in inducing instability in the air masses 
(Rohling, pers. comm) Mediterranean depressions occlude before reaching the Black 
Sea with induced stability and drying before reaching the Black Sea. 
Fohn conditions are associated with south to south easterly situation in winter when an 
anticyclone over Russia usually with a ridge to the north-west of the Black Sea can 
bring a stream of continental polar air to the region from the south-east (HMSO, 1963). 
This synoptic situation is not frequent and accounts for only 13% of the situation in 
January (HMSO, 1963). 
In summer maritime tropical air from the Atlantic reaches the Black Sea due to the 
northwards movement of the polar front and the increased intensity and extent of the 
Azores anticyclone (HMSO, 1963). Air anives in a watm and dry state due to passage 
over high ground with warming at lower levels possibly giving rise to instability. 
During the Black Sea crossing further warming takes place with an increase in moisture 
content in the lower layers which intensifies convective activity. Continental polar air 
from European Russia arrives from a north-north-easterly direction. Due to the 
considerably warm land area from which it has come from, it is fairly dry at all levels 
but it is not unstable. In summer, with the well known monsoon Iow situated over 
southern Asia, continental tropical air from the Asian land mass can approach the Black 
Sea from the east. This airmass is naturally dry and the surface layers are cooled during 
the Black Sea crossing and the result is stability (HMSO, 1963). 
The main polar front region is generally further north during summer and weakened. 
Hence the Black Sea is dominated by tropical air (Mattyn, 1992). This is in response to 
the reduced equator-to-pole temperature gradient. The jet stream entry into Europe is at 
southern Scandinavia's latitude. Cold fronts or occluded depressions on the polar front 
stilI cross the Black Sea from the north or north-west quite frequently and mark the 
onset of fresh outbreaks of polar air. However, there are few depressions from the 
Mediterranean (HMSO, 1963). High insolation results in the formation of a thermal Iow 
pressure cell over Siberia. Over the relatively cool ocean the Azores thermal high 
pressure cells develop. This results in dry conditions over southern Europe and the 
Black Sea (Harrison et aI., 1996). 
48 
300 
275 
250 
225 
200 
175 
150 
~ 
.S 125 
1:1 
.g 
£l 
.~ 100 
.S< 
II 
75 
50 
25 
o 
Fig 2.3.2 Mean monthly precipitation from selected sites in the 
eastern Black Sea. Data from Alan (1992). 
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Similar to accumulation, there is no direct study of the climatology for glacier ablation 
in the eastern Pontic Mountains. It can, however, he investigated by considering the 
potential influence synoptic situations present in the Black Sea during summer. 
Westerly (anticyclonic type) circulation inllucnces the area for on average 39% of July 
and is the dominant synoptic condition for the summer (HMSO, 1963). This is a 
consequence of the extension of the Azores anticyclone over western Europe and the 
Mediterranean. During this period the polar front system is well to the north and the air 
mass which reaches the Black Sea is matitime u'opical air with a long track over Europe 
(HMSO, 1963). This synoptic situation results in the development of relatively stable 
conditions in the Eastern Pontic mountains with Iow cloud cover. Under this situation 
high radiant and sensible heat t1ux to the glacier surface would be relatively higher than 
under north or north-westerly situations associated with greater cloud cover (Paterson, 
1994). Instability in the region may lead to convective activity and rainfall, however, 
this my introduce negligible amounts of heat energy to the glacier surface (Paterson, 
1994). The relative significance and amount of negative heat exchange may be similar 
for glaciers in the western southern Caucasus. 
Easterly circulation in the Black Sea can account I"or 27% of synoptic weather in July 
and is therefore another dominant weather type. The eastwards flow of continental 
tropical air around the northern side of the monsoonal Iow of southern Asia often 
extends over the Black Sea. This may bc as now around a small shallow depression 
over the Anatolian plateau or round a ridge or anticyclone over Russia (HMSO, 1963). 
The characteristic of continental tropical air is its dryness and it is therefore associated 
with little cloud cover. This is particularly so if now across the Black Sea is 
anticyclonic. As inferred from mean monthly summer temperature (fig 2.3.3), easterly 
as well as westerly circulation leads to high radiant energy receipt at the glacier surface 
while turbulent t1uxes are promoted with increased evaporation and seasonally high 
temperatures. 
The northerly type synoptic situation int1ucnces the Black Sea on average 16% of the 
time in July (HMSO, 1963). The principal component of the synoptic weather 
conditions here is a depression from the polar front travelling eastwards across Europe 
to the north of the Black Sea. A northerly stream 01" continental polar air may reach the 
Black Sea if there is an anticyclone in the Scandinavia I Baltic region (HMSO, 1963). 
The sea crossing does not impart much instability though topographic uplift may do. 
Cumulonimbus cloud develops above 3000 ft. (ca. IOOOm) and therefore under this 
synoptic situation radiation receipt at the glacicr surface may be somewhat reduced. 
Equally turbulent heat t1uxes could he reduced due to a lower temperature gradient 
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Fig 2.3.3 Mean monthly temperature in the Eastern Pontic 
Mountains. Data from Alan (1992). 
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between the glacier surface and air. As long as the gradient is positive, heat flux will be 
maintained and therefore this component will increase in relative significance compared 
to radiant energy. In total values of daily ablation may fall (Paterson, 1994). 
North-westerly circulation occurs 18 percent of the time during July (HMSO, 1963). 
Here the polar front may cross the Black Sea from n011h-west to south-east followed by 
a north-westerly stream of maritime polar air. The passage of the front is accompanied 
by bad weather as the front is active while fine conditions follow the front. Similar 
glacier climate relationships to those described for northerly type circulation are 
inferred. 
Climate I glacier relations in the southern Caucasus mountains are essentially similar to 
that of ,he Pontic Mountains. The higher eh:vation of the Caucasus mountains may, 
however, ensure greater orographic enhancement of winter precipitation and therefore 
increase net accumulation (fig 2.3.4). The greater accumulation on the southern slopes 
of the Caucasus mountains is due to its favourable Olientation to snow bearing winds 
though net mass balance is greater on the northern slopes due to greater solar shadow 
(Kotlyakov & Krenke, 1979). In the summer the inl1uential synoptic situations lead to 
basically the same weather conditions as in the northern Pontic mountains (HMSO, 
\963). However, the development of instability and convective activity is that much 
greater and this may reduce the relative amount of radiant heat flux. Observational 
evidence does, however, suggest that regional hypsometry ensures glaciers are perched 
above the cloud level (Serebryanny, pers. comm .. ) and therefore radiant heat fluxes may 
be significant. 
To summarise the study site is located on the northern slope of the Eastern Pontic 
Mountains, close to the port of Rize and on the southern edge of the eastern Black Sea 
topo-climatic zone. The aggregate of synoptic weather conditions influencing this 
region suggest glacier conditions at Ka~kar 2 are essentially maritime i.e. high 
accumulation from north Atlantic depressions (rejuvenated by Black Sea) and high 
ablation regime particularly under easterly tropical continental air mass synoptic 
situation resulting in high positive energy balance at glacier surface. As both the 
Caucasus and Pontic mountains act as a barrier to the penetration of moist air, in the 
case of the Pontic mountains into the Anatolian interior (Kurter, 1991), the research site 
is therefore on the southern periphery of the humid zone of eastern Black Sea and its 
respective regional climate. The common inl1ucnce of synoptic element on the southern 
Caucasus and northern Pontic mountains suggest that records of glacier fluctuation 
should be broadly comparable. However obscrvations suggesting glacier accumulation 
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Fig 2.3.4 Winter accumulation in the Caucasus mountains. From Krenke et al. (1991). 
zones in the former are the located above the humid zone would mean this may not be 
the case. 
2.4 The geology of Ka~kar Dai!. 
Tertiary granite I granodiorite is exposed towards the head of Kavron valley and at its 
lateral divides, although Teltiary rhyolitc outcrops at the head of Kavron valley forming 
the peak of Ka~kar Dag. The central part of the valley contains a veneer of glacial, 
fluvial and colluvial material of Pleistoccne and recent age (Turkish Geodetic Survey, 
1961). At present there is no estimates for Quatemary mountain uplift in this region. 
2.5 Vegetation of Kavron Valley. 
Broad leafed and coniferous forest cDvering mountain slopes up to ca. 1500 m.a.s.1. is 
composed of Fagus orientali.l' (Beech), Ahlll,l' bilrbata (Alder). Alnus glutinusa (Alder). 
Carpinus betulus (Hornbeam). Ti/ia 1'Ifbra (Linden), A/nlls g/obera, Alnus montana 
(Ehn), Castanea sativa (Chestnut). QllerclIs tiischorocheni.l' (Oak), Acer cappadocicum 
(Maple), A. campestre (Maple) (Dogu et a/., 1993). Ladin forest is found from ca. 
1500 - 2000 m.a.s.!.. Above this Dwarf Rhododendron and alpine grasses dominate. 
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Chapter 3. Method and techniques 
Field techniques in mapping and relative dating in addition to cartographic based 
modelling will be outlined in this chapter. 
3.1 Geomorphological mapping and surveying 
3.1.1 Background 
Geomorphological mapping of glacigenic features forms the basis for most research 
involving glacier reconstruction. It provides a platform for recording all principal and 
minor components of the landscape from which their origin may be interpreted and 
those of glacial origin identified. While this is an objective in itself, it can also serve as a 
morphostratigraphic model to formulate hypotheses on surface age. 
Comprehensive geomorphological mapping was pioneered by a number of European 
geomorphologists (cf. Demek & Embleton, 1978; Barsch & Liedtke, 1980; Embleton & 
Verstappen, 1988). Originally developed for applied geomorphologic problems, the 
technique has found utility in Quaternary geomorphology. From this database, oriented 
more towards the physical landscape than topographic maps, a new understanding and 
original interpretation of many issues of Quaternary geomorphology have been 
achieved. Examples of the application of geomorphological mapping are found in 
research on the significance of meltwater channels in reconstructing ice wastage patterns 
(Sissons, 1958, 1960, 1961; Young, 1974; Gray, 1991), the reconstruction ofisostatic 
rebound and deglaciation from raised marine shorelines (Rose, 1980; Sissons et al., 
1966), and reconstruction of mountain glaciation (Owen et. al., 1996; Sissons, 1977a, 
1977b, 1979, 1980a; Gray, 1982; Ballantyne, 1989; Gray & Coxon, 1991; Mitchell, 
1991). 
Detailed geomorphological mapping is carried out using a range of surveying 
techniques from simple ground survey to high precision GPS survey. Quality of 
positioning is, however, a compromise between the accuracy of surveying technique, 
the cost and availability of the surveying technique and time available for mapping. As 
equally important is the accurate assessment of the three dimensional form of the 
landscape elements. As Mitchell (1991, pp20) warned, distant mapping can introduce 
errors from perspective which may lead to distortion of the actual shape of the landform 
being delimited on the map and would result in incorrect measurements being recorded 
for morphometrical analysis (Mitchell, 1991). 
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The definition of specific constructional and erosionallandfonns is based primarily on 
recognisable breaks of slope, which give distinctive outline and areal expression to 
specific features (Mitchell, 1991). Complementary to these there is a tendency to use a 
small set of identifiable geometric fonns including ridges, mounds and hollows. Fonn 
can then be used to interpret landfonn origin and development. This rests on the 
premise that landfonn shape is the output from the dominant process-response systems. 
Uncertainty is, however, introduced because there are fonns common to more than one 
geomorphological system. Where processes acting on the landscape produce discrete, 
recognisable and unique landfonns, the method will produce the best results. 
Key to the interpretation of landfonn genesis and therefore the success of 
geomorphological mapping is the correct placing of landfonns into their relative 
environmental setting (Mitchell, 1991). For example, protalus ramparts, tenninal 
moraines and rock glacier ridges can be distinguished with confidence only when the 
operator is able to locate them in relation to possible sediment supply zones or mass 
movement and erosion settings. It must be appreciated that such ridges may be 
polygenetic in origin and have been fonned through the operation of a talus derived 
landfonn continuum (Shakesby et. al., 1987). In such instances the critical test of 
sedimentological data provide the only opportunity to distinguish morphologically 
similar features. Ancillary infonnation on drift cover and the underlying geology is, 
therefore, of importance. It also sets the context of materials on which contemporary 
geomorphological processes must operate and illuminate on the conditions for palaeo-
geomorphology. For example Mitchell (1991) suggests lithology and structural control 
has a strong influence over the landscape of the western Pennines. 
3.1.2 Geomorphological mapping and surveying during fieldwork. 
Between 12th August and 10th September, 1996, reconnaissance mapping of fonner 
and present ice marginal moraines was carried out by field and GPS survey throughout 
Kavron valley. This was supported by detailed survey and mapping for sites where 
relative dating was carried out. The 1:25000 base map sheets Tortum - G46 a2 and 
Turtum - G46 a3 'K' edition published in 1992 were used for mapping. 
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3.2 Reconstruction of glacier fluctuations and its link to palaeoclimate in 
Kavron Valley. 
3.2.1 ELA reconstruction in Kavron Valley 
As the preservation of near complete moraine sequences in Kavron valley was rare, the 
most suitable approach to ELA reconstruction was identified as the Toe to Headwall 
Altitude Ratio (THAR) method. The THAR method of ELA estimation is based on the 
observation that contemporary ELAs are located within a fraction of the total vertical 
distance between the glacier end moraine (toe) and headwall (Rodbell, 1992, pp45). 
Assuming that the ELA was located on the former glacier with the same ratio of 
headwall and toe altitude, the ELA may be accurately reconstructed. 
Rodbell (1992) defines the 'toe' as the minimum altitude of end moraine crest and 
'headwall' as the highest probable ice extent, inferred to be the highest altitude on a 
cirque headwall that had a slope less than 60° (Rodbell, 1992). Early applications of the 
technique used published THAR values. P6w6 & Reger (1972) employed a THAR of 
0.66 on glaciers with large accumulation areas and narrow tongues. A ratio of 0.5 has 
been used by Charlesworth (1957) for glaciers in Europe, by Porter (1966) for glaciers 
in the north-western Pacific and Richmond (1965) in the Rocky Mountains Front 
Range. Meierding (1982) and Murray & Locke (1989) found that ratios of 0.35 to 0.4 
may be suitable for small glaciers. 
Arguments against the THAR and other ratio approaches are primarily methodological. 
For example Kuhle (1988) has criticised the application of a single ratio for the ELA 
estimation as there is great uncertainty in selecting the correct ratio. The uncertainty in 
THAR reflect the influence of topography (Nesje, 1988; Kuhle, 1988), spatial 
dynamics of accumulation and ablation on surface area, and planimetric extent of 
accumulation and ablation zones. Studies such as those by Torsnes et. al. (1993) and 
Hawkins (1985) have shown that the THAR method must be used with caution. The 
THAR technique is suited to glaciers with normal area / altitude distribution and simple 
geometric form (Porter, 1981; England, 1986) and using the approach of Rodbell 
(1992) in employing a spectrum of probable THAR values an envelope of probable 
ELA may be defined. 
In this research geomorphological evidence for palaeo ELA was obtained from field 
survey and mapping. ELAs were calculated using Rodbell's (1992) definition of the 
THAR. Given the uncertainty in accurately selecting the correct ratio, Rodbell's 
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approach (1992) employing a range of mARs were used. The ratios ranged from 0.3 
to 0.7. 
3.2.3 Palaeoclimatic reconstruction from ELA in Kavron Valley 
Calculation of change in mean annual summer temperature from glacier ELA follows 
the standard method described by Flint (1971, pp71), shown in eq 3.1. 
TLR 
Ll temp 
LlELA 
Ll temp = t. ELA . TLR 
Temperature Lapse Rate. 
Change in mean summer temperature 
Change in Equilibrium Line Altitude 
3.1 
Mean summer temperature is defined as the average temperature for the months June, 
July and August. As May and September are transitional months at the site, including 
some solid precipitation, these are excluded from the summer (ablation) period. 
Estimation of mean summer temperature at the contemporary ELA of Kactkar 2 used 
meteorological data from Ikizdere (40° 47' N 40° 33' E 800 m.a.s.l.) and a temperature 
lapse rate. The temperature lapse rate (0.52°C{I00m) was selected from data provided 
for the south-western Caucasus mountains by Panov (1993), a comparable alpine 
environment within the Eastern Black Sea. The figure is consistent with a saturated 
adiabatic lapse rate from a maritime environment (Barry & Chorley, 1992) and 
meteorological data from the Black Sea littoral (Alan, 1992). It is assumed the lapse rate 
does not change over time. 
3.3 Relative Dating 
Lichenometry, Schmidt hammer test, microroughness test, and soil development were 
used as relative dating parameters on those ice marginal features which marked 
significant boundaries in surface age. Data from these techniques provided a critical test 
on the chronosequence of ice marginal positions to support the palaeoclimate 
reconstruction. 
3.3.1.1 Lichenometry. 
The use of lichen growth as a relative dating technique for glacigenic substrates is now 
a well established technique (McCarroll, 1994). The first paper dealing exclusively with 
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lichenometry was published by Roland Beschel (1950) in a paper entitled "Fletchen als 
Altersmasstab rezenter Morenen" (Lichens as a measure of age of recent moraines) in 
which he formulated the concepts of lichenometry and discussed many of the problems. 
The method has been used with some success in Scandinavia (Karlen, 1973) and North 
America (Andrews & Webber 1964; Benedict, 1967; Mottershead & White, 1972) to 
establish mountain glacial chronologies for the neoglacial and Little Ice Age (e.g. 
Denton & Karlen, 1973; Miller, 1973). Intensive research into lichen ecology, the 
lichenometrlc technique, and its conceptual basis, particularly in Scandinavia and the 
Rocky Mountains Front Range, Colorado, and with other relative dating techniques has 
transformed the qualitative technique into a method of calculating accurate numeric dates 
for a variety of substrates. 
Lichenometry as a dating technique rests on the principle that there is a direct 
relationship between lichen size and age. Where a surface has been recently exposed to 
lichen colonisation, provided that (a) the growth patterns of the lichens are known and 
(b) that no major time lapse has occurred between surface exposure and lichen 
colonisation, an estimate of the age of the substrate can be made. In reality lichenometry 
provides a minimum-bracketed date for the stabilisation of substrate. 
The lichen growth curve provides the numerical link between lichen size and substrate 
age. It has been argued that direct measurements are the only means by which true 
estimates of the growth rate of a lichen can be obtained and there have been many 
studies made of lichen growth rates in a range of envirouments (e.g. Phillips, 1963; 
Brodo, 1965; Hakulinen, 1966; Annstrong, 1973). The theoretical basis for developing 
a lichen growth curve from direct measurements has been examined by Schroeder-Lanz 
(1983). He points out that growth rates decrease through time so the growth rate should 
be represented by a curve, whereas most studies assume that, because of the very small 
increments involved, it is a straight line (Belloni, 1973). 
In late Quaternary glacier reconstruction, the age of features often corresponds to the 
part of the growth curve where there is little or no dating control. To extend the range of 
the growth curve, lichens are measured from surfaces dated by indirect means. To do 
this, it has to be assumed that the environmental characteristics controlling lichen 
growth over the that time period are similar to those at present. Temporal and spatial 
variability in lichen growth rate has, however, formed a principal criticism of the 
application of lichen growth curves outside the region of its development. Serebryanny 
et. al. (1984, pp. 37) has shown that specific shapes of lichen growth curves are 
characteristic to broad climatic regions. 
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The accuracy and reproducibility of lichenometric dates has been discussed extensively 
(e.g. McCarroll, 1994; Bickerton & Matthews 1992). Bickerton & Matthews (1992) 
gives two techniques 1) constructing families of lichen curves based on slightly 
different parameters, in which surfaces are dated using each curve and the mean or 
median predicted date is used; 2) frequency histograms of predicted dates provide a 
measure of reliability. An objection to this technique is the non-independence of curves 
within the family, but this is overcome by the second approach using random sampling. 
McCarroll (1994) suggests an approach to the confidence in sample results based on a 
strategy in which the mean sample values obtained are randomly distributed around the 
population mean. This contrasts with standard lichenometry where increasing the area 
sampled decreases the ratio of sample mean to population mean. Since the distributions 
of largest lichen sizes obtained on the moraines are closed to normal, statistical 
confidence intervals can be placed around the mean values (McCarroll, 1994). 
However, these confidence limits refer to the mean lichen size; they cannot be translated 
directly into confidence limits of an age estimate because at anyone time site factors 
other than age influencing the lichen size. In this approach the size value for each 
moraine is mean of sub samples (McCarroll, 1994). 
There are two principal approaches to sampling in lichenometry, the largest lichen and 
the size I frequency approach. A comprehensive review of both are given in Innes 
(1985). It should be noted that the descriptions given are only a guide. In the field the 
standard sampling strategy selected may be modified to balance sample size, sample 
area, ecological characteristics of the lichen species sampled and the environmental 
context of the dating programme. 
In the largest lichen approach, the parameter used is the n th lichens per sample. Here it 
is assumed that the n th largest live growth on the substrate is I are the oldest 
individual(s) and others are either late colonisers, slow growers or regrowth. Five is the 
most common value for n. McCarroll (1994) suggests these should be taken from a 
random sample. Alternatives to this have been tried include the single largest lichen 
(Webber & Andrews, 1973) and the 100 largest thalli per substrate (Nikonov & 
Shebalina, 1979). 
For the largest lichen method, McCarroll (1994) notes that the probability of the largest 
lichen being sampled increases with sample area. This also means that for a set sample 
size the probability of sampling the largest lichen decreases with the size of the 
landform. Sample size should be made proportional to the landform size, however, this 
may be difficult as in the case of moraine ridges where their extent may be equivocal. 
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The problem of the anomalous thallus is a recurring theme in lichenometric studies, 
both to the largest lichen method and size frequency studies. Most studies refer to the 
possibility of anomalous large thalli, but some authors (e.g. Reger & Pewe, 1969; 
Porter, 1981) also recognise the possibility of anomalously small thalli. In the majority 
of studies, a subjective index is used to identify such thalli (Rapp & N yberg 1981; 
Hodgson, 1978; Calkin & Ellis, 1980). A major difficulty with recognising 
anomalously large thalli is that usually they result from one or more boulders, 
containing lichens, being introduced to the substrate. A variety of processes can lead to 
this including mass movement processes, push moraine formation (Andersen & Sollid, 
1971) and deposition by medial moraines (Matthews, 1973). The careful assessment of 
where anomalous lichens are located should enable any very large thalli to be identified 
It should be noted that environmental variability also causes substantial variations in 
lichen size (Innes, 1985) and this should be accommodated when assessing anomalous 
individuals or groups. 
McCarroll (1991a) identifies three approaches to analysing relative dating parameters 
including lichen diameter i) the chronosequence, ii) the chronofunction approach, and 
Hi) a unique critical approach to chronofunctions (critical approach). In the 
chronosequence approach the position in space is assumed to be related to time since 
deposition. The magnitude in difference of a relative dating parameter is therefore 
assumed to reflect the magnitude in age (McCarroll, 1991a). Unfortunately this 
approach to dating is philosophically weak. It implicitly combines correlation with 
causality; that is, if a parameter, in this case the lichen size, varies parallel with age then 
it is assumed to be controlled by age (McCarroll, 1991a). This need not be the case. On 
a glacier foreland for example, age is not the only factor which displays a trend away 
from the glacier (McCarroll, 1991a). In particular, environmental, sedimentological and 
rheological factors are likely to display systematic variations which can have a profound 
effect upon many of the commonly used relative dating parameters (McCarroll, 1991a). 
Although it has been stressed that specific, reliable, numerical ages cannot be derived 
from relative age criteria (Richmond & Fullerton, 1986; pp184) where an independently 
dated sequence of deposits is available, a more quantitative approach, the 
chronofunction, is can be adopted. Regression analysis is commonly used to establish 
'chronofunctions', which may be used to assign numerical ages to correlated deposits 
or extrapolated to estimate the age of undated elements beyond the extremities of the 
dated sequence (McCarroll, 1991a). The influence of environmental and 
sedimentological factors are not, however, removed. 
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A more critical approach to the chronofunction approach was adopted by McCarroll 
(1989a) for the Schmidt hammer test. However, the same principles may be applied to 
lichenometry (McCarroll, 1994). Establishing that a given parameter exhibits a pattern 
which parallels a trend in age is the flIst stage. Further alternative hypotheses should be 
proposed and tested to eliminate potential sources of error (McCarroll, 1994). For 
example a trend in maximum thallus diameter values on a series of Holocene terminal 
moraines could be due to differences in age or a systematic environmental variable. This 
could be tested to some extent by extending the study to include a sequence of lateral 
moraines at the same glacier. The influence of environmental and sedimentological 
variables can be excluded by including bedrock sites (McCarroll, 1989b). Less easily 
overcome are errors that may be introduced due to varying growth conditions of 
lichens. 
3.3.1.2 Practical Iichenornetry in the Kavron Valley. 
Lichens from the genus Rhizocarpon were used for lichenometric relative dating. Most 
of these are difficult to separate in the field therefore sample contains mix of sub genera 
including Rhizocarpon geographicum (Yildiz pers. comm.) and Rhizocarpon 
sublucidum (Winchester, pers. comm.). Maximum thallus diameters to the nearest 
millimetre were measured on lichens. Lichens were rejected on the basis of coalescent 
thalli (McCarroll, 1994). Anomalous lichens were rejected on a modified size frequency 
approach (after Andersen & Sollid, 1971). Lichens were excluded if their size were 
more than 9 mm greater than the next smallest lichen diameter class at the upper end of 
the scale. 
Two sampling frameworks were used on both lithologies for moraine or rock glacier 
ridges of unknown surface age. At Ka9kar Dag, lichen diameter was sampled from a 30 
by 10 m rectangular transect,laid out with longest dimension parallel to the ridge crest. 
Sub sampling was carried out in 2 by 10 m plots with the longest side perpendicular to 
the ridge crest. The five largest lichens were measured from each subplot. Data from 
each subplot were summarised to give the average of the 5 largest lichens for all the 
subplots. At DerebaSl G<l!U time limitations and the limited boulder surface exposure 
resulted in the adoption of a rationalised sampling strategy. Fifty randoruly selected 
lichen diameters were taken from a sample area of 30 by 10 m. The single largest 
lichen was taken as the representative value for maximum lichen growth. 
The sampling frameworks for Ka9kar Dag and DerebaSl G<l!U are not the same and 
therefore are not directly comparable. Some comparability between the results may, 
however, be drawn if a common parameter is selected i.e. the single largest lichen. The 
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samples still differ in intensity of sampling with the more intensive sampling strategy 
having a greater probability of measuring the largest lichen (McCarroll, 1994). 
The sampling framework was designed to exert maximum control on environmental 
conditions shown to be influential in determining the calculated relative age (McCarroll, 
1991a). Thus a single rock type for each sample controlled for lithology and all samples 
were taken from glacier proximal slopes to control for a set of microclimatic effects. 
The influence of competition (boulder size) and climate (surface aspect, slope) were 
investigated using graphical and statistical correlation techniques. Ancillary 
environmental, mineralogic and sedimentological data were recorded with lichen 
diameters as with other relative dating parameters. 
An attempt was made to date moraines where lichenometry was employed, using 
published lichen growth curves for Rhizocarpon geographicum. Two curves were used; 
that from the southern slopes of the Caucasus mountains and that from Baffin Island, 
arctic Canada, and published in Serebryanny et. al. (1984, pp. 37). The growth curve 
from the southern Caucasus mountains may be similar to that at Ka~kar Dal! as the 
climatic regime is similar. The growth curve from Baffrn Island, Canadian arctic, comes 
from a polar continental environment which exhibit the slowest lichen growth rates. 
This therefore provides an upper limit for possible lichenometric age. The estimates 
involve the assumption that lichen colonisation and growth immediately succeeded ice 
retreat from the moraine. 
3.3.2.1 Schmidt hammer test 
Rock surface weathering is one of most common indices of post depositional change in 
moraine clasts (McCarroll, 1991b) and Schmidt hammer rebound value can be used as 
measure of this (Matthews & Shakesby, 1984; McCarroll, 1989a; 1989b; Sjoberg & 
Broadbent, 1991). The Schmidt hammer records the rebound distance of a controlled 
impact on the test surface. Because elastic recovery (the distance of repulsion of an 
elastic mass upon impact) depends on the hardness of the surface, and the hardness is 
related to the mechanical strength which changes through weathering. The distance of 
rebound (R) gives a relative measure of surface hardness or strength (Day & Goudie, 
1977) and therefore weathering. If post depositional weathering is dependent on time 
alone then the Schmidt hammer value can be used as a relative assessment of change 
overtime. 
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The insttument was designed for use where only large differences in R-values were 
significant. In this geomorphological application where rock weathering spans ca. 9000 
years or more, the differences in rock weathering may be small. Using large sample 
sizes McCarroll (1989a) and Matthews & Shakesby (1984) have shown that small 
differences in rebound values may become statistically significant. Due to the volume of 
data required, care must be taken in sample design. McCarroll (1993) demonstrates 
how a random sample may introduce error through inclusion of sub optimal sample 
sites on a boulder e.g. lichen cover or damage, joint and edge effects. The ability of the 
Schmidt hammer to discriminate relative age of surface is limited by the relative change 
in surface elasticity with age. As the absolute change in surface elasticity does not 
change substantially after ca. 9000 yr then the discrimination of clasts beyond this 
equilibrium threshold is prohibited. 
McCarroll (1993) identifies common sources of error in recording or using the Schrnidt 
hammer. Operator error may occur as the Schmidt hammer must be kept vertical for 
standard results. Error in the results is also introduced if changes in the performance of 
the Schmidt hammer are not incorporated. Using the same operator may control 
operator error while Schmidt hammer calibration on an optimal surface as part of a 
regular testing and maintenance programme can remove instrumental error. 
Trends in relative dating parameters are not only controlled by time alone but also 
environmental, lithological and sedimentological factors (McCarroll, 1986, 1991; Day, 
1980; Day & Goudie, 1977; Deere & Miller, 1966). Failure to control or evaluate these 
parameters will lead to potential errors in the R values. With surface elasticity the 
sedimentary parameter ofrock surface roughness exerts a primary control on R value. 
McCarroll (1991b) has demonstrated that initial rock surface roughness is dependent on 
source and transport history. As weathering progresses rock surface roughness is likely 
to increase on many lithologies. On gabroic rocks in Norway, for example, weathering 
results in the differential reliefoffeldsparand pyroxene grains (McCarroll, 1991b). To 
account for this variation in R value initial clast roughness and weathering rate should 
be held constant ensuring the influence of roughness is limited to age dependent 
weathering. 
The incorporation of relatively 'old' material into moraines is another source of potential 
error in the Schmidt hammer's application to relative age dating. R values from clearly 
heterogeneous deposits e.g. from small cirque glacier moraines may be easy to separate 
into 'fresh' and 'pre-weathered' clast. For deposits with more platykurtic distribution of 
R values this task becomes more difficult. 
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3.3.2.2 The Schmidt hammer test in Kavron Valley 
The Schmidt hammer tests were perfonned on moraine or rock glacier ridges using an L 
type Schmidt hammer. At least 4 rebounds were obtained from each c1ast though for 
granite c1asts the number was increased due to apparent anomalously high variability in 
the rebound values. Standard precautions against experimental error were taken 
including the selection of lichen free and undamaged surfaces, using a spot at least 5 cm 
from clast edge or structural weaknesses, and maintaining the hammer in a venical 
position (McCarroll, 1991b). Geomorphological operating procedures are discussed 
elsewhere (McCarroll, 1987). Additional environmental (altitude, aspect, slope and 
orientation),lithological, mineralogic (percentage of dark minerals) and sedimentologic 
(boulder size, clast roundness and surface boulder roughness) data were collected. 
elast roundness was measured using Matthews' (1987) modified Powers roundness 
index (Powers, 1953). Very angular clasts were ascribed a value of 1 and very rounded 
c1asts a value of 6. 
Following guidelines in McCarroll (1993) two spatially adjacent and independent 
samples of 30 randomly selected clasts were obtained, wherever possible, from a 30 m 
transect located on the ridge crest. Four rebound tests were perfonned on each c1ast, 
which were summarised to give a mean rebound value per c1ast. Results were 
summarised as the mean of the average rebound per c1ast recorded over the transect. 
The principal aim of the sampling strategy was to remove environmental variability 
through parameter control. Variance in the Schmidt hammer performance were tested on 
a Schmidt hammer anvil under standard conditions. The results, presented in appendix 
1, imply suitably low variance in the perfonnance of the Schmidt hammer. 
3.3.3.1 Micro-roughness relative dating parameter. 
Rock surface roughness has long been recognised as an indicator of degree of rock 
surface weathering (Boyer & Pheasant, 1974; McCarroll, 1990; Binnan, 1964; 
Birkland, 1982). For example it is well established that atmospheric precipitates and 
lichens produce a variety of organic acids and chelates (Ascaso et. al., 1976; Jones & 
Wilson, 1985, Benedict, 1993) which preferentially attack iron-rich pyroxenes in the 
soil and bedrock. Mineral crystal size is therefore imponant in determining the scale of 
relief to develop (McCarroll & Nesje, 1996). Despite under research into the 
development of rock surface roughness over time where roughness can be observed to 
increase over time through weathering, this parameter may be used as a relative age 
indicator (McCarroll & Nesje, 1996). 
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Micro-roughness relative dating is based on the premise that as weathering progresses 
surface roughness increase. Further, if initial surface roughness is known, or more 
likely can inferred to be the same between two or more surfaces, then relative age may 
be compared and established (McCarroll & Nesje, 1996). Surface roughness may be 
measured using the Profile Gauge. This is a simple portable instrument that is used to 
record relative heights of evenly-spaced points along a transect. Varying the 
measurement interval along transects allow different scales of roughness to be measured 
(McCarroll, 1993). The surface profile of the c1ast is recorded by pushing the 
instrument against a test surface creating a profile of inverse relief. The profile is then 
transferred to analogue media in the field followed by digitising in the laboratory. 
Similar instruments have been used previously to record rock surface profiles (Barton, 
1973; Barton & Choubey, 1977; Bandis et. al., 1981; McCarroll & Nesje, 1993). 
McCarroll & Nesje (1996) describe approaches to quantify and summarise micro-
roughness data, of which the deviogram method is preferred. The deviogram roughness 
statistic summarises roughness as the standard deviation of difference in relief of 
adjacent points over defined lag distance (McCarroll, 1992). Using the standard 
deviation detrends the micro-roughness value so the angle at which profiles are 
recorded becomes irrelevant. However, values remain dependent on clast curvature 
(McCarroll, pers. comm.). McCartoll & Nesje (1996) suggest a 5 mm lag distance as a 
standard deviogram value to compare micro-roughness. As an alternative, the 
regression statistic employs residuals as a measure of deviation from a line of 'best fit' 
through the profile (McCarroll & Nesje, 1996). Similar to the deviograrn, the statistic is 
sensitive to the shape of the profile as well as the roughness. 
As with other relative dating parameters, micro-roughness does not vary as a function 
of time only but is controlled by a range of environmental, sedimentological and 
lithological factors. Aspect, orientation and altitude (McCarroll & Nesje, 1993) of 
sample sites will control microclimatic conditions and therefore weathering rate and 
process. Clast lithology will influence the mechanism and efficiency of weathering 
processes and relief development while c1ast origin and transport mechanisms will 
influence initial surface roughness. Through careful construction of clast sampling 
strategy, these factors may be controlled or their influence evaluated. 
3.3.3.2 Micro.roughness testing in the Kavron valley. 
The profile gauge was used to record relative heights of evenly spaced points, 0.8 mm 
in diameter, along a transect from clasts on moraine ridges (McCarroll & Nesje, 1996). 
Transects of 50 mm were recorded for both granite and rhyolite clasts. The profiles 
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were initially transferred onto analogue recording media in the field before being 
digitised Analogue micro profiles were digitised on a Benson digitising tablet using AC 
Procad Surveyor software running under DOS. Output files were suitable for export 
into a spread sheet where the micro-roughness statistic was calculated 
Deviogram and the linear regression statistics (McCarroll & Nesje (1996) were 
calculated from the maximum roughness value of four profiles from each of five c1asts 
per surface, for all surfaces sampled. Lag values of 1 mm, 10 mm, 15 mm, 20 mm, 25 
mm used were selected on a priori grounds based on previous work using micro-
roughness by McCarroll & Nesje (1996). 
The sampling framework was designed to exert maximum control on environmental 
conditions. Thus, a single rock type for each sample controlled for lithology, all 
samples were taken from ridge crests to control for a set of microclimatic effects. 
Ancillary information on surface aspect, slope and clast roundness were collected to 
analyse the influence of micro climate and sedimentology on micro-roughness identified 
by McCarroll (1989). 
3.3.4.1 Soil development (A horizon organic content). 
In many areas, particularly where widely dispersed moraines occur, the number and age 
of glacial events is often unclear. In the absence of datable material, soil evidence may 
be used to estimate the relative age of deposits and also time elapsed since deposition. 
Examination of the character of soils on these deposits using a range of relative dating 
techniques has proved to be a valuable line of enquiry (Birkland, 1984) and the degree 
of soil development is commonly used as an indicator of the relative age of glacial 
deposits. 
Soil development (organic matter content) is founded on the process of progressive soil 
formation on deglaciated terrain and is based on the premise that soils on landforms 
. follow the same pedogenic pathway. Change in soil organic content can be used to 
discriminate glacial events of the time scale of 100 years or more within relatively 
uniform areas, depending on the time scale at which the soil organic content becomes 
stable. This characteristic is therefore relatively useful for dating (e.g. Crocker & 
Major, 1955; Crocker & Dickson, 1957; Burger & Franz, 1969; Fitze, 1980; 
Alexander, 1982; Sodheim & Standish, 1983; Mellor, 1985; Mahaney, 1990). 
As with other relative dating parameters, chronosequence or chronofunction approaches 
may be used may be used to date surfaces using soil organic content. The same 
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drawbacks also apply to the technique, for example that of environment heterogeneity. 
It is well recognised that surface age is not the only factor influencing degree of soil 
development: parent material, biotic activity, microclimate, aeolian influx, erosion 
(Swanson et. al., 1993) and slope are also important (Jenny, 1941; Lowe & Walker, 
1984). 
It may be that soil organic content is wholly dependent on environmental conditions. 
Mahaney (1993), for example, found that soil organic carbon content in the Mammoth 
and Upper Green River areas in western Wyoming appeared to be site specific and 
dependent on available water and vegetation characteristics rather than time. Coleman & 
Pierce (1986) identify similar problems on glacial deposits near McCall, Idaho, USA. 
Climate also exerts a significant influence on organic content development over a 
hierarchy of spatial scales. McCarroll & Ware (1989) suggest that microclimate is the 
dominant factor controlling the considerable variability of organic development on 
moraine ridges in upper Breiseterdalen, southern Norway. Messer (1988) found the 
rate of change of soil properties to show wide variation within the area of the 
Jotenheimen Mountains and the Jostedalsbreen ice cap. In some cases variations are 
more than an order of magnitude. The rates of cation exchange capacity and depth are 
strongly related to the prevailing climate (June temperature, December temperature and 
mean annual precipitation), whereas rates of pH and organic matter content appear to be 
related to the climatic change parameters considered. On the continental scale Melior 
(1985) has shown major differences in the soil and their rate of development between 
Austerdalsbreen, a maritime climatic environment, and Storbreen, a more continental 
climate with lower rainfall totals and longer duration of seasonally frozen ground. 
Elsewhere, in Scandinavia, it has been demonstrated that microclimate influences the 
development of Brown Soils and Podsols principally through control of vegetation 
cover and, therefore, the supply of chelates. A critical approach to relative dating was 
adopted by McCarroll (199Ia) to overcome this problem. 
Proving that each soil went through the pedogenic pathway indicated by the properties 
of the younger soils (Vreeken, 1975) is another problem inherent to this relative dating 
parameter. This is generally not true as most soils are old enough to have experienced 
variation in the soil forming factors, and in some places the changes, such as climatic 
variation during interglacial - glacial cycles (Wright, 1983), may have a significant 
influence on the soil formation process. In many places the crest soils of the older 
moraines are no better developed than the crest soils of the younger moraines, leading 
one to suspect that the older ones have been eroded. This would obviously have an 
impact on several soil development parameters including A horizon organic matter 
content. 
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3.3.4.2 The practical measure of soil development (A horizon organic 
content) in Kavron Valley. 
Samples of A horizon were taken from soil developed on moraine or rock glacier ridges 
for organic content analysis. A single pit was dug at each site to expose the soil A 
horizon. A single sample of soil was taken from each moraine which was latter sub-
sampled in the laboratory to give three samples per moraine. Environmental variability 
was controlled by collecting samples from ridge crest sites. Three samples per surface 
were used for analysis. Organic content was calculated using the loss on ignition 
technique. Pre-weighed crucibles were loaded with approximately 109 of soil and re 
weighed. Samples were heated at 1050 C for 12 hours to drive of the water content. 
Samples were re-weighed to calculate water content. Soil samples were then heated at 
5500 C for 2 hours. Samples were cooled in a desiccator and weighed to calculate 
organic content. Results were not analysed for environmental variability. therefore 
results must be treated with caution. 
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Chapter 4. Results 
In this chapter the results of field geomorphological mapping and surveying, relative 
dating tests and palaeoclimatic modelling will be presented. 
4.1 Geomorphological mapping 
Geomorphological mapping in Kavron valley was carried out to identify evidence for 
former and contemporary glacier limits and specifically the altitude of key landforms 
related to the lHAR method of ELA reconstruction. Other landforms associated with 
recent landscape development and climate change were included in the survey to place 
the glacier fluctuations into context. The survey and estimation of altitudes given in the 
following discussion are detailed in section 4.2. 
Kavron valley 
Three principal regions of end moraine ridge formation indicative of former extent of ice 
margins in Kavron valley (fig 4.1.1) were identified i) the upper reaches of Kavron 
valley, ii) at Y. Kavron terminating at the entrance of Bilyiilc Deniz Golil, and iii) those 
below this limit. There was only fragmentary evidence for moraine sequences which 
formed outside those terminating at Y. Kavron. Mapping was therefore concentrated at 
Ka~kar Da~. which is the highest point in Kavron valley, and DerebaSl GOlil at the head 
of Kavron valley and Y. Kavron. Fragments of lateral moraines were observed at the 
entrance to valleys containing Okilzyata~l GOlil and Bilyiilc Deniz Golil. However, 
these were not used in the palaeo ELA reconstruction and consequently not mapped in 
detail. Observations made in BilyUk Deniz GOlil catchment were not included as their 
preservation was only fragmentary. 
Present glaciation 
At Ka~kar Da~, the most substantial present day glacier of the Pontic mountains 
(Ka~kar 2, see plate 4.1) along with two much smaller niche glaciers (Ka~kar 1 and 3) 
were located in cutbacks on the north facing headwall. At Ka~kar 2 the upper limit of 
the accumulation zone lay at ca. 3550 m.a.s.!. and the glacier terminated at ca. 3050 
m.a.s.!. The terminal zone of all the ice bodies were extensively covered with sub-, en-
and predominantly supra-glacial material (plate 4.1). A medial moraine in the terminal 
section of the glacier is one of the most obvious source regions for this. Recent down 
wasting of the glacier has formed a small «0.5 m) ridge in the debris covering the 
snout. 
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Fig 4.1.1 Map of moraine ridges within Kavron Valley. 
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Ka~kar Dall 
In the upper catchment of Kavron valley (fig 4.1.2 and plate 4.2), relatively fresh 
looking moraine ridges were mapped lOOm in front of the contemporary ice margin at 
an altitude of ca. 2940 m.a.s.! and descending a steep break in valley slope. In its 
western termino-Iateral extent, the limit was formed by a veneer of drift which forms a 
clearly defined limit as the rhyolite erratics contrasts well with the granite bedrock. In its 
eastern extent, a moraine ridge was observed though it was subdued and discontinuous. 
Rhyolite cIasts in the deposit were of less than boulder grade and were not held within a 
matrix. This feature overlaid an extensive taIus sheet developed beneath the lateral rock 
wall. 
Down valley at an approximate altitude of 2891 m.a.s.l. was a continuous diamicton 
ridge trending cross valley in the valley floor and trending oblique to the valley on its 
sides. The form of the ridge (fig 4.1.2 and plate 4.2 ) inferred its origin as the termino-
lateral and terminal sections of an end moraine. On the eastern side of the valley the 
ridge may be double. Here the inner ridge cross-cut a section of a third moraine ridge 
unit which indicates the inclusion of ice from or over-spilling into an eastero tributary 
valley. On the western side of the main valley, the inner ridge cross-cut what might be a 
slightly more extensive ice margin terminating in a drift wedge. The mOlphology of the 
valley including parabolic form and fluted bed forms indicate the past erosion by a more 
extensive glacier than that which exists at present or that which relates to the ice 
marginal features discussed. 
DerebaSl Galii 
At Dereba$l Glllu (fig 4.1.3 and plate 4.3), there were both depositional landforms 
indicative of the former existence of a glacier and erosional landforms indicating the 
region contributed ice to the main Kavron valley glacier. There was only fragmentary 
evidence for an end moraine ridge in front of the lake within the hanging valley (fig 
4.1.3). This was in the form of a subdued ridge of diamicton, perpendicular to the 
valley trend. Here the drift cover was dissected and therefore the interpretation of the 
landform as a moraine should be treated with caution. Lying adjacent to this moraine 
and covering break in slope to main valley is what is interpreted as an avalanche fan 
which would at some time have been fed by moraine release when the palaeoglacier 
terminated here. Adjacent to these, lying at the base of the lateral valley wall on both 
sides of the valley were a set of Iow ridges. The ridges were composed of local granite 
clasts, predominately boulder in grade and unsupported by a matrix. Their sinuosity 
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and location to obvious sediment source suggest they are pro-nival ramparts. This 
interpretation is supported by the absence of deformation on the ridges excluding a rock 
glacier origin. 
Up valley of the lake was a single continuous diamicton ridge. The ridge trend to the 
main valley was oblique on the valley sides and traverse on the valley bottom (fig 
4.1.3). The ridge was approximately IOm high and composed of local granite and 
rhyolite clasts with a great range in size, and held within a sandy matrix. The plan form 
of the ridge implied its origin as an end moraine (fig 4.1.3). The absence of obvious 
sediment sources and its location in the valley exclude the interpretation as a pro-nival 
rampart. The interpretation of the ridge as a rock glacier is refuted on the grounds that 
the narrow, continuous lateral ridges oblique to valley trend are not characteristic of this 
landform. Between this end moraine and the rock glaciers were a series of retreat 
moraine ridges also with mixed lithology (fig 4.1.3). Additional end moraines 
terminating at a similar altitude to those at Ka~kar Daj! and Dereba~l GOlU were found at 
several hanging valleys adjacent to Dereba~l GOlU. 
Behind and partially over-riding the end moraine complex was a lobe of diamicton 
descending from the entrance to the southern headwall trough and lying adjacent to a 
small ice I snow body (fig 4.1.3 and plate 4.4). The diamicton lobe was composed of 
predominantly rhyolite clasts held within a sand and silt grade matrix. Granite clasts 
made up less than I % of the diamicton lobe and were restricted to the surface. They 
may therefore have originated from the granite cliff overlooking the diamicton lobe. The 
lobe was approximately 4 meters thick with a steep break of slope at its lateral and 
frontal margin. The surface morphology of the lobe displayed tight arcuate ridges (in 
plan form) pointing down valley with a back ridge depression at the head of the lobe 
suggesting diamict deformation. The features described are characteristic of a rock 
glacier and in the absence of characteristic features of moraine ridges, such as lateral 
moraines, this interpretation is tentatively accepted (Rock glacier A in plate 4.4). 
The rock glacier could clearly be divided into two morphological units. The lower unit 
was stable, indicated by lichen I vegetation cover and degraded form while the upper 
rock glacier appeared to have over-ridden the former. The rock glacier appeared 
currently active, however, excavation in the centre of the rock glacier did not reveal any 
traces of interstitial or glacial ice. Debris avalanche on to perennial snow beds was 
observed at the head of the rock glacier and this is considered as contributing to rock 
glacier formation. Forming from debris slides originating from a debris chute in the 
south-western corner of the headwall area was a small, tongue shaped rock glacier 
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partially overriding the lower rhyolite rock glacier (Rock glacier B in plate 4.4). This 
rock glacier was entirely composed of local granite clasts. 
The rock glacier and moraine deposits were set within a hanging valley which displayed 
a form indicative of glacial erosion. The cutback in southern headwall clearly possessed 
a parabolic form while the valley floor was scoured and in places bare of any glacial 
drift cover. An extensive rock cut bench flanking the east of the hanging valley 
suggesting substantial landscape modification by glacial erosion. 
Y. Kavron 
At Y. Kavron there was both erosional and depositional evidence for the former 
existence of the Kavron valley glacier here. The lower Kavron valley displays a 
parabolic form indicative of glacial erosion. There is a great difference in altitude of the 
erosional 'trim-line' and the limit of termino-Iateral moraines, in places greater than 
70m. This suggest the trimlines relate to a former greater extent of the ice or more 
probably that the trimlines relate to the limit of the slope adjustment to glacial erosion. 
There has been a marked asymmetry in preservation of moraine ridges at Y. Kavron 
(fig 4.1.4 and plate 4.5). Of the moraine ridges observed terminating at Y. Kavron 
between 2170 and 2240 m.a.s.!., all were located on the eastern flank of the valley. The 
surface expression of the moraines were of a continuous drift sheet on the valley side 
with a level or ridge like upper surface and an ice contact surface facing into the valley 
(plate 4.5). Partially dissected by a stream draining BUyiik Deniz hanging valley, these 
ridges are composed of a massive till with local and erratic lithology. Dissected valley 
floor drift upstream from Y. Kavron creates a false impression of end moraine forms. 
Moraine ridges were also observed outside those which terminate at Y. Kavron. The 
termino-Iateral section of a moraine marking the former extent of the Kavron valley 
glacier was observed on eastern flank of valley near the entrance to BUyUk Deniz GolU 
valley. The moraine ridge was composed of local granite and rhyolite boulders held 
within a sandy matrix and had a much degraded form (Moraine ridge A in fig 4.1.4). 
This may be associated with a lateral moraine near to and within the entrance to B UyUk 
Deniz GolU valley. In addition the section of an end moraine was found at the entrance 
to a tributary valley above Y. Kavron (Moraine ridge B in fig 4.1.4). No moraine 
ridges were observed terminating at A. Kavron suggesting an ice limit there. 
The mapped geomorphological evidence for former ice limits in the Kavron valley can 
be compared to the account given by Dogu et al. (1993,1994) (see fig 1.3.1) identified 
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in chapter 1.3. At Ka~kar Da~, while this research and that given by Do~u et al. (1993) 
identify the contemporary glaciers and a drift limit of a more extensive Ka~kar 2 glacier 
adjacent to this, the end moraine ridges at ca. 2890 m.a.s.!. furthest from the glacier are 
not recorded by Do~u et al. (1993). The description by Do~u et al. (1993) identified an 
end moraine enclosing the entrance to the tributary valley containing Ka~kar peak and 
OkUzyata~1 Gl>lU. In the field a debris avalanche slope was identified at this location 
and would have probably been fed by a glacier while it terminated here. However, there 
was no moraine ridge indicating a stable ice margin. Furthermore, at Dereba~l GolU, 
Do~u et al. (1993) have interpreted a debris fan descending the break in slope from the 
hanging valley to the main Kavron valley as a moraine and presented it with a plan form 
indicative of an end moraine ridge. The moraine ridges and rock glaciers at DerebaSl 
GolU were not described by Do~u et al. (1993). 
For the landforms around Y. Kavron village the map and text description by Do~u et al. 
(1993) are contradictory with their map excluding the moraine ridges referred to in the 
text (Do~u et al., 1993; pp. 170). Between these and the moraine at the entrance to the 
Ka~kar Da~ hanging valley Do~u et al. (1994) (see fig 1.3.3) locate a moraine. This 
may be dissected valley floor drift or talus observed in this region though no ice 
marginal 1andforms were observed in this region. Equally no moraine ridges were 
observed at A. Kavron further down valley at ca. 2000 m.a.s.!. The moraine identified 
on the map by Do~u et al. (1993) is most probably an alluvial cone descending from a 
tributary valley to the main valley at A. Kavron. 
To summarise, there were three principal regions of end moraine ridge formation 
indicative of former extent of ice margins in Kavron valley, i) fresh looking moraines at 
the upper reaches of Kavron valley at DerebaSl GolU and Ka~kar Da~ ii) large and 
mostly degraded moraine ridges at Y. Kavron, and iii) those below this limit. There 
was only fragmentary evidence for moraine sequences which formed outside those 
terminating at Y. Kavron. In addition to moraine ridges, rock glaciers and other 
evidence of periglacial conditions were observed at DerebaSl GolU and Ka~kar Da~. 
Despite the similarities, significant discrepancies could be identified between the 
mapped landforms and those identified by Do~u et al. (1993, 1994). 
4.2 ELA and palaeoclimate reconstruction. 
In section 4.1, the end moraines marking the former glaciers terminal altitude associated 
with a specific advance and / or still stand event in Kavron Valley and its DerebaSl GolU 
and Ka~kar Da~ tributary valleys were described. In section 4.2 relative and absolute 
climate change associated with these landforms is assessed by reconstructing glacier 
83 
ELA. The notation to identify moraines is given in fig 4.2.1-3. The same notation is 
used in mapped moraines, palaeoclimatic reconstruction and relative dating in section 
4.3. 
End moraine altitude was assessed using differential GPS and map data and the results 
are presented in appendix 2. With respect to the GPS data, the GPS software provides 
ellipsiodal height which is based on an assumed value for the reference station derived 
from several single point positionings. The absolute values were therefore estimated at 
probably within S-10m. The orthometric height (height above mean sea level) required 
correction for the regional geoid which was derived from the EGM'96 NIMA/NASA 
geoid model as approximately 25 metres. 
Map and derived GPS data were very similar with less than 25m difference in elevation 
for most cases (appendix 2). GPS derived height data (table 4.2.1) were considered the 
most accurate data and therefore were used in subsequent TIIAR ELA calculation. 
Selection of headwall altitudes were in part subjective. In the absence of identifiable 
trimlines in the headwall region, recommendations by Rodbell (1992) were used to 
identity the maximum headwall altitude. It is assumed that headwall values associated 
with small changes in ice extent i.e. those relating to MlO, M12 and M8 did not involve 
a change from the present headwall altitude. However, those corresponding to a 
substantial advance of the glacier i.e. M3 I M2 probably increased to the top of the 
headwall associated with a thickening of the glacier. As identified in the method chapter 
the palaeo-THAR is unknown accurately. However, estimates for it lying between 0.3 
and 0.7 are considered suitable practical approximations (Kuhle, 1988; Murray, & 
Locke, 1989; Osmaston, 1975; P6w6 & Reger, 1972). 
Results of ELA calculation are presented in table 4.2.2. In the absence of any estimation 
for tectonic uplift, this is excluded from ELA calculation. This may, however, be 
significant for ice limits at the Last Glacial Maximum. No assessment has been made on 
the influence of snow avalanche or snow redistribution on ELA altitude due to the 
absence of contemporary meteorological observations. 
Mean summer temperature at the contemporary ELA on the Ka~kar 2 glacier was 
calculated from meteorological data at Ikizdere (mean summer temperature of 16.4 °C at 
800 m.a.s.!.) and an assumed lapse rate over the range of estimated ELAs. These are 
displayed in table 4.2.3a. with corresponding ELA over the selected range of THAR 
values. The depression in mean summer temperature and ELA from present for each 
end moraine is presented in table 4.2.3b. Contemporary ELA at Dereba~l Golu has 
been assumed as that for the Ka~kar 2 glacier. While there was no substantial valley 
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Fig 4.2.1 Location of relative dating sites at Ka~kar Dag 
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Table 4.2.1 The altitude of end moraines in Kavron valley derived from GPS survey. 
Toe of Kaykar 2 
M7 
M8 
M14 
M12 
MlO 
M3 
GPS derived orthometric 
heights (m.a.s.!.). 
3046 
2849 
2882 
2933 
2891 
2240 
Table 4.2.2 ELA reconstruction based on the TIIAR method 
Headwall Glacier Toe Glacier 
Altitude Altitude Altitude Range 
m.a.s.l. m.a.s.l. m. 
Ka2kar 3550 3046 503 
M7 3550 2849 700 
M8 3550 2882 667 
M12 3550 2933 616 
MlO 3550 2891 658 
M3 3700 2240 1459 
M2 3700 2170 1530 
TIIAR of 0.7 TIIAR of 0.6 
3197 3248 
3059 3129 
3082 3149 
3118 3180 
3088 3154 
2678 2824 
2629 2782 
ELA 
TIIARofO.5 TIIAR of 0.4 TIIAR of 0.3 
3298 3348 3399 
3199 3269 3339 
3216 3283 3349 
3241 3303 3365 
3220 3286 3352 
2970 3116 3262 
2935 3088 3241 
Table 4.2.3a Mean Summer Temperature at the ELA of K~kar 2 over a range of lHAR values 
lHARofO.7 lHARofO.6 lHARofO.3 
3.9 3.6 2.8 
3197 3248 3399 
Table 4.2.3b ELA and Mean summer temperature depression from the contemporary ELA at 
Ka~kar2 
ELA Depression Mean summer ELA Depression Mean Summer 
from temperature (m) (Range of Temperature 
contemporary depression °C THARs) Depression °C 
ELA (THAR of (THAR of 0.5) (Range of 
0.5) THARs) 
M7 98 0.5 138-59 0.7-0.3 
M8 82 0.4 114-49 0.5-0.2 
M12 56 0.3 79-33 0.4-0.1 
MlO 77 0.4 108-46 0.5-0.2 
M3 328 1.7 519-136 2.7-0.7 
M2 363 1.8 568-158 2.9-0.8 
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glacier in the trough at the headwall of the Dereba~l G 01 u basin, above the 
contemporary ELA (ca. 3300 m.a.s.!.), a perennial ice body was found here between ca 
3300 to 3050 m.a.s.!. where it merges with talus to form a rock glacier. While the 
stable ELA here must be much higher its altitude at Ka~kar 2, the altitude of 3300 
m.a.s.I. can be accepted with the caveat that it relates to the ELA of a glacier in a locally 
shaded location. 
4.3 Relative dating 
Relative dating was carried out to enable the chronological ordering of ice marginal 
landforms. 
4.3.1 Ka~kar Dag 
Lichenometry results 
The locations of relative dating sites at Ka~kar Daj! are given in fig 4.2.1. In appendix 
3.1 a copy of the booking sheet gives a sample of the basic lichen data collected. A 
summary of the mean of the five largest lichen diameters for rhyolite clasts on moraines 
at Ka~kar Dall (with 95% confidence interval) is given in fig 4.3.2a-b and appendix 3.2 
~ith results for both equal and unequal sample areas. This situation arose because 
several sample plots at M12 were lichen free. In the unequal sample area mean, the 
empty plots are excluded from the calculation and in the equal sample area mean 
calculation they are included. A sample calculation of the 95% confidence interval is 
presented in appendix 3.3. 
Mean diameters of the five largest lichens at both MI0A and B (49 and 38mm 
respectively) were substantially greater than those M12A and B (16 and 11 mm 
respectively), and MMA and B (lichen free) (see Appendix 3.2a). Within each sample 
site, 95% confidence intervals inmply sample means are statistically similar within each 
site. Recalculation of the sample means using equal sample sizes produced no dramatic 
change in the results except at M12B where only 8 transects contained lichens, 
consequently lowering the result for mean lichen diameter across the transect. 
The separability of inter- and intra- site samples was tested using the students t test (a 
parametric statistic) and the Mann Whitney U test (a non parametric statistic) (table 
4.3.1a-c). Both were used due to the doubts of data normality which is a criterion for 
parametric statistics. The t statistic values calculated for comparison of mean between 
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sample sites are all above the critical value which inmplies that sample means are 
statistically different between sites. The assumption of data normality for the parametric 
tests was investigated by plotting a histogram for the five largest lichens in each of these 
samples (fig 4.3.3) including anomalous lichens (fig 4.3.4). 
The influence of environmental controls on lichen growth was investigated using 
correlation (Spearman's rank) analysis. Competition effects were investigated through 
the correlation of clast diameter and lichen diameter for each of the five largest lichens 
per sub-plot (fig. 4.3.5a-d and table 4.3.2). At all sites except M12B Spearman's rank 
correlation coefficient values were positive but not significant. At M12B there was a 
very high and positive correlation between c1ast diameter and lichen diameter. 
The potential influence of site slope on lichen diameter was investigated graphically by 
plotting sub-sample slope against the mean of the five largest lichens per sub-plot (fig 
4.3.6a-d), and apparent correlations were tested statistically using Spearman's rank 
correlation analysis (table 4.3.3). Results showed no significant correlation except at 
M12B where there was a high and positive correlation value. 
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Fig 4.3.1 Mean lichen diameter (and 95% 
confidence limits) on rhyolite clasts for sites at 
Ka~kar Dag 
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Fig 4.3.2 Mean lichen diameter (and 95% confidence 
limits) on rhyolite clasts for sites atKa~kar Da/!. 
Mean and confidence limits calculated assuming 
equal sample area. 
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Table 4.3.1a Critical test of mean lichen diameter on rhyolite clasts from Kaykar Dag. (a) students t-test (b) Mann-Whittney U test. Data 
from unequal area sample used. 
Students T-Test 
t statistic 
Critical t value 
(two-tail) 
MlOA/MI2B MlOA/MI2A MI0B/MI2B MlOB/MI2A MI2B/MMA MI2A/MMA 
15.11 9.73 19.92 13.91 3.56 6.37 
2.04 2.04 2.05 2.05 2.04 2.04 
Table 4.3.1b Mann-Whittney U statistic 
U statistic 
Critical U 
value 
MlOB/MI2A MlOA/M12A MI0A/M12B MI0B/M12B 
227 222 224 225 
161 161 161 161 
Table 4.3.1c Students T test ( two-tailed, equal variance) between intra surface samples. 
Ml2A : M12B MlOA: MlOB 
t statistic 1.29 6.01 
critical t value 2.09 2.04 
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Fig 4.3.3 Histogram of 5 largest lichen diameters per sample plot on 
rhyolite cJasts for sites atKa~l::ar Dag. 
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Fig 4.3.4 Histogram of 5 largest lichen diameters per sample plot on 
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Fig 4.3.5 Scatter graph of lichen diameter against clast diameter for rhyolite 
clasts atKa.;kar Da~. Population taken from total number of lichens 
recorded at each site. 
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Table 4.3.2 Correlation coefficients for 5 largest 
lichens per sample and boulder diameter on rhyolite 
clasts at Ka~kar Daj!. 
site Spearman's Rank 
Correlation Coefficient 
MIOA 0.26 
MIOB 0.22 
MI2A 0.29 
Ml2B 0.99 
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Fig 4.3.6 Comparison of sample site slope and lichen diameter. 
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Table 4.3.3 Speannan's Rank Correlation coefficients for mean lichen 
diameter and mean sample site slope. 
Clast Speannan's 
Lithology rank 
coefficient 
M lOA rhyolite 0.11 
MlOB rhyolite 0.12 
M12A rhyolite -0.0 
M12B rhyolite 0.86 
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Schmidt hammer test results 
The Schmidt hammer test was also used for relative dating purposes. Schmidt hammer 
rebound values, a sample of which are presented in appendix 4.1, were summarised to 
give mean rebound values with 95% confidence intervals (appendix 4.2 and fig 4.3.7). 
The method used to calculate confidence intervals is given in appendix 3.3. Mean 
Schmidt hammer rebound values increase from sites MlOA and B (44.1 and 41.7 
respectively), MM (46.2), to Ml2A and Ml2B (52.4 and 54.4 respectively) (appendix 
4.2). 
Confidence intervals inmply that while there is a statistically significant difference 
between sample means at MW and Ml2, the mean rebound value at MM is not different 
from those at MIO. These data were then analysed to investigate similarity in mean 
values between sites and within individual sites (table 4.3.4a and b). Both Students t 
test (a parametric statistic) and the Mann Whitney U test (a parametric statistic) were 
used in case of any doubt about the data's normality, a prerequisite for using a 
parametric statistic. Results of both the students t test and the Mann Whi tney U test 
were above the significance level in every case except that for MIOA and MM. This 
inmplies that the means between sample sites were significantly greater at Ml2 than 
MW, though was· not significantly different between MIO and MM. The occurrence of 
multirnodal populations in the R (rebound) value data set were investigated by plotting 
the histogram of the four rebound values per clasts for all in each sample (fig 4.3.8). 
This also provided a test for the data normality, a precondition for the parametric 
statistical tests. 
As with lichenometry data, the influence of environmental and sedimentological 
controls on Schmidt hammer rebound (R) values were investigated. The influence of 
c1ast roundness, a proxy for initial c1ast roughness, on R value was investigated using 
graphical techniques in which mean R value per sample were plotted against percentage 
of very angular and angular c1asts per sample (fig 4.3.9). 
As with lichenometry data ancillary environmental data were collected to identify their 
influence on R values. Sample site aspect (table 4.3.5) was recorded to control the 
influence of micro-climate on weathering during sample site selection. As R values 
were to be used for relative dating they were not adjusted to absolute values. 
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Table 4.3.4a Students T-test (two tailed, equal variance, unpaired) on mean Schmidt hammer rebound value from rhyolite clasts at Ka~kar Dag. 
MtOAa Vs MI2A MIOA Vs MI2B MtOAVsMM MIOBVsMI2A 
Students -T 4.36 6.21 1.34 
Critical T Value 2.00 2.00 2.00 
Mann Whitne;t U Test 713 781 547 
Critical U Value 317 317 317 
Table 4.3.4b Students T-test between intra surface samples of 
Schmidt hammer rebound value on rhyolite clasts at Ka~kar Dag. 
MI0A : MlOB M12A : M12B MI4A: M14B 
Students T 1.45 -1.52 -0.63 
Critical Value 2.00 2.00 2.00 
5.96 
2.00 
777 
317 
MIOB VsMI2B MIOB Vs MM MI2a Vs MM MI2B Vs MM 
8.01 2.95 3.36 5.36 
2.00 2.00 2.00 2.00 
838 638 692 762 
317 317 317 317 
Fig 4.3.8 Histogram of Schmidt 
hammer R values on rhyolite ~ 
c1asts at Ka\kar Dag 
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Table 4.3.5 Moraine ridge aspect at relative dating sample sites. 
site litholo~ mean aspect in 0 
M7 rh~olite 212 
M8 rh~olite 223 
M9 rh~olite 159 
MI4 rh~olite 337 
MIOA rh~olite 176 
MIOB rh~olite 181 
M12A rh~olite 225 
M12B rh~olite 220 
M7A granite 212 
M7B granite 212 
M8A granite 223 
M8B granite 223 
102 
4.3.2 Dereba$1 Giilii 
Lichenometry results 
The location of relative dating sites at Dereba$1 GlllU are shown in fig 4.2.2. In 
appendix 3.1 a copy of the booking sheet gives a sample of the basic lichen data 
collected. A summary of the five largest lichen diameters and mean are given in 
appendix 5a-b and fig. 4.3.9 and 10, for both granite and andesite clasts. Here the 
relative dating parameter is the single largest lichen from a sample of the largest lichen 
on each of 50 randomly selected clasts. For granite clasts, the maximum lichen diameter 
at M7 A and B (95 and 93 mm respectively) is clearly greater than at M8A and B (68 and 
70 mm respectively). The reverse situation was found on andesite clasts where 
maximum lichen diameter on M7 A and B (65 and 55 mm respectively) was not clearly 
different from that at M8A and B (61 and 75 mm respectively). The histogram of 
lichens used in the samples were used to identify anomalous lichens. Anomalous 
lichens were only identified in the sample at M7B on granite clasts (fig 4.3.11). 
The sampling strategy was designed to exert maximum control on sedimentological and 
environmental variability on lichen growth, for example, lichens were selected from the 
same lithology. Lichen competition could not be controlled during sampling and 
therefore its potential influence was investigated. Using clast diameter as a proxy for 
competition its co-variance with lichen diameter was investigated graphically (fig 
4.3.12). No clear trend was identified and further analysis was not carried out. 
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Fig 4.3.9 Summary data for maximum lichen diameter on 
granite cJasts at Derebasi GOIU. 
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Fig 4.3.10 Summary data for maximum lichen diameter on 
rhyolite cJasts at Derebasl GOI u. 
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Fig 4.3.11 Histogram of lichen diameters from samples including anomalous 
lichens on granite clasts from M7B at Dereba~i Gb! Uincluding anomalous lichens. 
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Fig 4.3.12 Comparison of lichen diameter and clast size 
on grante clasts at Dereba~l GOIU. 
Population includes all lichens sampled at each site including 
anomalous lichens. 
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Schmidt hammer test results 
Schmidt hammer rebound values, the relative dating parameter, for rhyolite clast from 
Schmidt hammer rebound values from DerebaSl GOli!, a sample of which are presented 
in appendix 4.1, were summarised to give mean rebound values with 95% confidence 
intervals (appendix 6 and fig 4.3.13). Mean Schmidt hammer rebound values on 
rhyolite clasts increase from sites M7 (43.7), MS (47.3), to M9 (4S.0) but are the 
lowest at M14A and B (41.3 and 42.2 respectively) (appendix 6). Mean Schmidt 
hammer rebound values on granite clasts also increase from sites M7 A and B (41.5 and 
3S.7 respectively) to MSA and B (45.0 and 41.3 respectively). However, the mean 
Schmidt hammer rebound value at M9 is 42 (appendix 7 and fig 4.3.15). Preliminary 
examination of the data suggested the flrst rebound value was systematically lower and 
therefore disproportionately weighted the mean values. Means were recalculated 
excluding the flrst rebound value (appendix S and flg 4.3.15), however the results were 
relatively unchanged. 
Results of statistical tests to analyse inter- and intra- moraine differences in R values are 
shown in table 4.3.6a and b. The homogeneity of sample age and consequently the 
assumption of sample normality for parametric statistical tests were investigated through 
the histograms of R values (fig 4.3.14). Both Students t test (a parametric statistic) and 
the Mann Whitney U test (a parametric statistic) were used in case of any doubt about 
the data's normality, a prerequisite for using a parametric statistic. Results of both the 
Students t test and the Mann Whitney U test were above the signiflcance level for the 
comparison of M7 and MS though there was no clearly significant difference between 
means at MS and M9. The mean of the Schmidt hammer rebound values were 
signiflcantly different between M9 and M14, however, the means were lower at M14 
than M9. 
Statistical separability of rebound values for granite clasts at DerebaSl G51U were tested 
and the results are presented in table 3.3.7a-c. The assumption of data nonnality were 
investigated by plotting histograms of rebound values (flg 4.3.17). Both Students t test 
(a parametric statistic) and the Mann Whitney U test (a parametric statistic) were used in 
case of any doubt about the data's nonnality, a prerequisite for using a parametric 
statistic. Results of the Students t test were not signiflcant for the comparison of 
samples from MS and M7 and therefore there is no statistical difference between the 
means at these sites. Similarly the t values were not signiflcant at for M9 and MS and 
therefore the means are not statistically different. While Mann Whitney U values were 
all signiflcant, the statistic itself is non parametric and therefore can be regarded as a 
weaker test. Further more, as the histograms corroborate the assumption of the 
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Students t test that data is from a single population (fig 4.3.17) the results from this test 
are tentatively accepted. It can therefore be inferred that there is no clear trend in 
Schmidt hammer rebound values at DerebaSl GOlii. 
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Fig 4.3.13 Schmidt Hammer R values (at 95% conficence 
level) for rhyoIite cIasts from sites at Dereba~J Got u. 
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Table 4.3.6a Students T-test and Mann-Whittney test of Schmidt hammer rebound values from rnyolite c1asts at Derebasl Gol U 
..... 
..... 
0 
M14A M14A M14A M14A M9 M9 M8 M14B M14B M14B 
:MI4B :M9 :M8 :M7 :M8 :M7 :M7 :M9 :M8 :M7 
tvalue 0.63 5.31 4.68 1.80 0.53 3.16 2.59 4.03 3.50 0.96 
critical t value 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 
Mann-Whittney U 764 713 699 470 439 451 708 221 740 
value 
critical U value 317 317 212.5 317 212.5 212.5 317 317 212.5 
Table 4.3.6b Students Hest between intra surface sampes on rhyolite clasts at Dereba~l Go!U 
MI4A:MI4B 
Students t-test 0.63 
Critical t value 2.00 
Fig 4.3.14 Frequency of Schmidt hammer R values 
from rhyolite clasts at Dereba~i G6i U. 
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Fig 4.3.15 Schmidt hammer R values with 95% conficence limits for granite clasts at 
Dereba~J Got U.(frrst four R values) 
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Table 4.3.7a Students T-test and Mann-Whittney U test of mean Schmidt hammer rebound value for granite clasts from sites at DerebaSl 
GOlii (fIrst 4 R values). 
Site M7A: M7A: M7A: M7B: M7B: M7B: M8A: M8B: 
M8A M8B M9 M8A M8B M9 M9 M9 
Student t 1.86 0.09 0.25 3.97 2.06 2.26 1.77 0.42 
Critical Value 2.00 2.00 2.00 2.00 2.002 2.00 2.00 2.00 
Mann- 547 410 478 742 624 636 569 485 
Whittne:t U 
.... 
.... Critical Value 317 317 317 317 317 317 317 317 w 
Table 4.3.7b Students T-test and Mann-Whittney U test of mean Schmidt hammer rebound value for granite clasts from sites at DerebaSl 
GOlii (excluding fIrst R value). 
M7A: M7A: M7A: M7B: M7B: M7B: M8A: M8B: 
M8A M8B M9 M8A M8B M9 M9 M9 
students T 1.45 1.05 1.33 2.36 2.36 2.19 0.07 0.33 
Critical 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 
Mann Whittney 592 547 578 695 739 684 501 523 
U 
critical 317 317 317 317 317 317 317 317 
Table 4.3.7c Students t-test (two tailed, assumed equal 
variance) of intra site variability in mean R values. 
M7A: M7B M8A: M8B 
tvalue 1.70 2.28 
critical t value 2.00 2.00 
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Fig 4.3.17 Frequency of Schmidt hammer 
R values (ftrst four)on granite clasts for 30 
sample sites at Dereba~l G()10. M7B 
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4.3.3 Kavron valley moraine sequence 
Micro-roughness 
The micro-roughness and soil organic content were used to investigate relative age the 
sequence of Kavron valley including data from sites at Y. Kavron in addition to Ka~kar 
Daj), and Dereba$l 001U. The location of relative dating sites at Y. Kavron are given in 
fig 4.2.3. A sample of the basic micro-roughness profile recorded in the field is 
presented in appendix 9. It should be noted that only 5 clasts were sampled from each 
site therefore the results should be treated with some caution. Two approaches to the 
statistical analysis of micro-roughness test data were carried out. The first approach was 
the deviogram statistic for micro-roughness. The calculation of the deviogram is 
described in appendix 10. 
The results for the deviograrn micro-roughness statistic on rhyolite clasts are presented 
in fig 4.3.1S. Preliminary analysis of the data indicated that there was no clear variance 
between sites using the 1st (1mm), 2nd (lOmm) and 3rd (15mm) lag values therefore 
subsequent analysis focused on the 4th (20mm) and 5th (25mm) lag values. Results for 
the maximum deviogram statistic on rhyolite clasts for the 4th and 5th lag distances (20 
and 25mm respectively) are presented in table 4.3.Sa and graphically in fig 4.3. 19a-b. 
For the 5th lag, micro-roughness values appeared relatively greater at M2 (2.1), M3 
(1.2) and M7 (1.6) compared to MS (0.5), M9 (1.0), M10 (O.S) and M12 (0.4). This 
trend was replicated for the 4th 1ag. On this basis the data on micro roughness were 
classed into 'older' (M1, M2, M3, and M7) and 'younger' sites (MlO, M12, M9, and 
MS) respectively. 
The statistical similarity between mean roughness of 'older' and 'younger sites was 
tested using the 5th lag values. The Students t test ( a parametric statistic) was used as 
each data set was near normal (table 4.3.Sb). The Students t value was above the critical 
value and therefore the means are statistically different. 
Analysis of c1ast roughness using the deviogram method was repeated for granite 
clasts. The results are presented in fig 4.3.20 for all the lag values and tables 4.3.9, and 
fig 4.3.21a-b for the 4th and 5th lag values. For the 5th lag there was no clear trend 
between the down valley moraines including M1 (2.1), M2 (1.S), M3 (1.4), M7A 
(1.9), and M7B (2.0) or the up valley moraines of MSA (0.7), and MSB (1.9). The 
same is true for the 4th lag values . 
• 
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The regression method was the second approach to analysing results of the micro 
roughness test. The regression statistic is formed by calculating the standard deviation 
of the residuals from simple linear regression on the basic micro profile spreadsheet file 
of relative heights (see appendix 10). The standard deviation of the regresion residuals 
are recorded for each of the four profiles per clast. The maximum standard deviation per 
clast is recorded and goes forward, with the other values from each clast, to record the 
mean and maximum values per site. As with the deviogram statistic, five clasts were 
recorded from each site. Results of this analysis, for both rhyolite and granite clasts, are 
presented in appendix 11 and fig 4.3.22. For rhyolite clasts, micro-roughness values 
appeared relatively greater at M2 (1.1), M3 (1.0) and M7 (1.0) compared to MS (0.3), 
M9 (0.4), MlO (0.4), M12A (0.5), and M12B (0.3). On this basis the data on micro 
roughness were classed into 'older' (Ml, M2, M3, and M7) and 'younger' sites (MlO, 
M12, M9, and M8) respectively. 
The statistical similarity between mean roughness of 'older' and 'younger' sites was 
tested. The Students t test (a parametric statistic) was used as each data set was near 
normal. The Students t value was not above the critical value (table 4.3.Sb) and 
therefore the means of the regression statistic for 'older' and 'younger' sites are not 
statistically different. 
Analysis of clast roughness using the regression method was repeated for granite clasts. 
The results are presented in fig 4.3.22b and appendix 11. As with other statistics, 
analysis of sites was limited by the occurrence of granite clasts. For granite clasts there 
was no clear trend between the down valley moraines including Ml (1.4), M2 (1.2), 
and M3 (0.8), M7 A (1.9), and M7B (2.0) or the up valley moraines of MSA (1.8), and 
MSB (1.1). It is therefore apparent that results of the regression statistic, for both 
rhyolite and granite clasts, replicate the general trend observed in the deviogram data. 
Investigation of clast angularity, an influential sedimentological characteristics on 
micro-roughness, were carried out graphically (fig 4.3.23-24) for both granite and 
rhyolite clasts. For granite clasts there is a weak trend of more rounded clasts in the 
down valley moraines, including Ml (3) and M2 (3.S), to the up valley moraines, 
including MS (1.6 - 2.2) and M9 (2.9), where clasts are more angular. Rhyolite clasts 
angularity was more uniform between sites, with the exception of M14, with sub 
angular (ca. 2.5) form. The higher clast angularity at M14 (1.6) may be accounted for 
by the inclusion of frost shattered material from a bedrock knob, which was observed 
in the field. 
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Soil A horizon organic matter content 
Soil A horizon organic matter content was also used as a fIrst order assessment of 
relative age of moraines within Kavron Valley. Data from this assessment are presented 
in appendix 12 as the mass of organic matter content and as the percentage organic 
matter content of total soil volume in fig 4.3.25. Environmental and floral 
characteristics were not noted as the parameter was only to be used as a preliminary 
assessment of relative age. 
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Table 4.3.Sa Maximum value for standard deviation 
of deviogram statistic for 4th and 5th lag on rhyolite clasts. 
4th la~ 5th la~ 
Ml 1.16 0.50 
M2 1.95 2.14 
M3 1.S1 1.23 
M7 1.59 1.61 
M9 0.92 1.00 
MS 0.54 0.50 
MM 0.S2 0.S5 
M12 0.46 0.49 
MlO 0.76 0.S9 
Table 4.3.Sb Students t-test between micro-roughness 
deviogram data and regression statistic for 'old' and 'new' 
sites. 
5thLag Regression 
Deviogram statistic 
Statistic 
Mean of 1.11 0.39 
'older' 
Mean of 0.53 0.29 
'younger' 
tvalue 3.77 1.79 
critical t value 2.02 2.02 
sample size 20 20 
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Fig 4.3.19a Maximum standard deviation of deviogram 
statistics from the 4th lag on rhyolite c1asts (roughness 
statistic). 
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statistics from the 5th lag on rltyolite c1asts (roughness 
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Fig 4.3.20 Deviograms for granite clasts showing maximum 
value for the 5 th Jag per clast. 
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Note: Lag value is distance class (in mm) between points for which relative 
height is measured. 1 = Imm, 2 = IOmm, 3 = 15 mm, 4 = 2Omm, and 5 = 25mm. 
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Table 4.3.9 Maximum value for Standard Deviation of 4th and Sth lag deviogram 
micro-roughness statistic from granite clasts at Dereba$l Gol u. 
Maximum standard deviation Maximum standard deviation 
value for 4th lag value for Sth lag 
Ml 1.38 2.14 
M2 1.39 1.87 
M3 0.74 1.41 
M7A 2.02 1.97 
M7B I.S7 2.01 
M8A 0.92 0.73 
M8B 1.61 1.99 
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Fig 4.3.22 Micro·roughness regression (roughness) 
statistic for (a) rhyolite and (b) granite clasts. 
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Fig 4.3.25 Percentage organic content of soil A horizon (dry weight). 
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4.4 Summary 
A summary of the results from relative dating is presented in fig 4.3.26. The use of the 
lichenometry and Schmidt hammer techniques were concentrated primarily in the 
headwa11 regions of Kavron valley where features may have been deposited relatively 
recently and are therefore suitable for the probable time range of the techniques. The 
entire Kavron sequence was assessed using micro-roughness. 
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Fig 4.3.26 Summary diagram of relative dating data 
Site lichenometry Schmidt'R' Lichenometry Schmidt'R' 
rhyolite rhyolite granite granite 
mean 5 largest single largest 
I!er transect 
MMA 0 46.2±1.2 
MMB 0 
M12A 16.0±4.1 53.3±1.0 
M12B 11.6±3.6 51.2±1.2 
M lOA 38.8±2.7 44.1±1.4 
M lOB 49.9±2.8 41.7±1.4 
M8A 68 45.0±2.5 
M8B 70 41.3±1.8 
M9 42.0±2.2 
M14A 
M14B 
M7A 95 41.5±2.2 
M7B 93 38.7±1.6 
M3 
M2 
Ml 
'younger' and 'older' classes formed on the basis of micro-roughness 
data 
ELA depression values are from a mAR value of 0.5. 
Lichenometry Schmidt'R' lichenometry Micro- %Ahorizon 
rhyolite rhyolite rhyolite roughness organic content 
single largest single largest Mean 
0 
0 
40 younger 1.2 
26 
56 younger 
"" 
70 
55 47.3±1.1 55 younger 3.7 
61 48.0±1.0 younger 
75 41.3±1.1 
42.2±1.4 
65 43.7±1.4 older 6.7 
older 
older 
older 5.6 
older :Hl 
Chapter 5. Interpretation 
The aim of this chapter is to interpret and account for the significance, age, and 
palaeoclimatic implications of glacier stages identified by geomorphological mapping. 
Glacial stages identified by geomorphological mapping will provide the basis to account 
for the results of relative dating on the surface end moraines marking the glaciers 
former extent. These landforms will then be used to imfer associated palaeoclimate in 
Kavron valley. Additionally, glacier fluctuations in Kavron valley will be compared to 
others around the eastern Black Sea to draw conclusions on regional palaeoclimate. 
5.1 Interpretation of evidence for glacier fluctuation 
The sequence for glacier fluctuations based on geomorphological evidence is primarily 
based on down valley position (morphostratigraphy) though also includes gross 
moraine morphology and fragmentation. On the basis of this evidence four groups of 
moraines can be identified in Kavron valley (summarised in table 5.1.):-
Group 1 The moraines furthest down valley are located at and below Y. Kavron village 
and include M1, M2, and M3. The moraine ridges are large scale features which can be 
interpreted as being deposited in the basal zone, at the terminus of a large valley glacier. 
Despite only fragmentary preservation of the termino-lateral section of a moraine ridge 
(M1) the morphological evidence does provide evidence for an ice still stand and / or 
advance stage of the valley glacier with its maximum terminus beyond Y. Kavron. 
There is, however, no indication of the actual terminus altitude. This glacier would 
have had the greatest area of accumulation, receiving input from all tributary valleys (fig 
5.1.1). There is no evidence as yet to know whether wind distribution of snow was 
locally significant to cause substantial deviation between the local and regional ELA. 
Two principal recession moraines (M2 and M3) indicate a still stand or minor re-
advance during retreat of the valley glacier at Y. Kavron with an ice terminus of 
between 2240 m.a.s.!. and 2170m. At this stage the main valley glacier would no 
longer receive input from the valley draining Biiyiik Deniz GOlii (fig 5.1.1). Following 
this stage, evidence cannot readily account for the maintenance of glaciers in Kavron 
valley and glacier retreat is thought most probable. The deglaciation is thought to have 
been active due to the absence of ice disintegration features. 
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Fig 5.l.1 Groups of morianes in Kavron valley .", 
:,/. ", 
Group I 
Group 2 
Group 3 
Group 4 
'
Present ice 
limits. 
. --
\ 
. 
\ 
. 
. 
\ 
\ 
,,------ -- ~ .. 
.. _ .. --" , 
.-- ' . 
./ \ \ '\ 
\ 
. 
. .. 
\ I 
. 
~ 
· \ i 
/ 
\ 
. 
, 
} 
? .. 
-- .. \ .... ~I 
M2\ . .... " .. 
M3 " \ "'-. ..... 1 I " 
I 
\ 
\ 
. 
\ 
/ 
· 
· (. 
\ 
". 
\ • 
. 
\ 
. 
. 
\ 
\. 
\ 
Rock glacier. ! 
Moraine Ridge! 
Possible \ 
. ,/ 
") ; 
"' , 
") 
Ice Limit 
Uncertainty in 
ice limits 
N 
MID 
!\ 
( 
I i M\2 
" , :.. \ 
'\ . . ' 
" ./ 
!./! ")M7 / " ...... ::./--\ .. ! ., Derebasi Golii ... .-----.• /: 
"M8 r --
\ /' . ; & 
\, / \'" .. -.... . j Ka<;k ar 
\ , """ "" j...) Da p, 
\ "'1 
.. '\... --- -- -.... : 
',../ 
13 1 
" 
. 
I 
/ 
I 
Group 2. M7 is placed in a separate moraine group. This separate class is based on 
three lines of argument, i) M7 lies ca. 50m below 2890 m.a.s.l., the common terminus 
altitude for group 3 moraines, ii) the form of the moraine is a low diarnicton ridge, Hi) 
the moraine is highly fragmented and degraded. The first two characteristics would 
place it in the same class as the other hanging valley moraines.However, it is significant 
that the moraine is degraded and highly fragmented unlike the other moraines. 
M7 may therefore be associated with glacier retreat from M3 either as a still stand or re-
advance of ice from Dereba~l Gmii (fig 5.1.1). This indicates subsequent substantial 
deglaciation at Dereba~l Gmii and, therefore, presumably at Ka~kar Dap,. 
Stage 3 The outer moraines of the hanging valleys (MlO and M8) are similar in many 
respects. Both have approximately the same terminus altitude, both have the same form 
as a low diamicton ridge, relatively unmodified by secondary mass movement 
processes, and both are relatively complete. 
The end moraines at and near MI0 of Ka~kar Dag can be interpreted as indicating either 
multiple still stands in retreat of the main valley glacier or a recent readvance of K~kar 
1,2, and 3 glaciers (fig 5.1.1). In the second hypothesis of glacier re-advance either 
the Ka~kar 1, 2, and 3 glaciers merged to form a single niche glacier with an active 
fluctuating margin or multiple re-advances took place to roughly the same altitude of 
terminus at 2890 ma.s.l. In all of the interpretations MI0 is associated with at least two 
other ice limits as inferred from the number of moraine ridges found. At DerebaSl Gmii 
a similar sequence is found, with still stand during retreat of the Kavron valley glacier 
or an ice re-advance to M8 at ca. 2890m a.s.!. This was followed by active glacier 
retreat, marked by numerous fragments of retreat moraines (including M9). 
Stage 4 The super position of M12 unconformably overlying talus landforms associated 
with the glacier retreat from MlO and the rock glaciers' unconformable superposition 
over the glacial moraines associated with M8 imply a separate stage. 
At Ka~kar Dag the most recent minor readvance of a niche glacier (a composite of 
Ka~kar 1,2, and 3) formed moraine M12 at an altitude of 2933 m.a.s.!. (fig 5.1.1). 
Glacier re-advance is confirmed by the superposition of the glacier's end moraine over 
talus formed after the retreat from MIO. On the basis of observations by Gall (1966) 
this must have been followed by recession to the current terminus where the glacier has 
been stable for at least the last 32 years (fig 5.1.1). During this period a medial moraine 
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(MM) has formed at the glacier terminus. At Dereba~l G5lU the period was marked by 
an episode of rock glacier formation, stabilisation and reactivation, identified by the 
super-position of the upper rock glacier unit partially over-riding the lower unit. 
Morphostratigraphy links the ice advance to M12 to broadly the same time period as 
rock glacier formation. 
table 5.1 Moraine groups. 
Moraine Group 1 Group 2 Group 3 Group 4 Present glacier 
limits. 
M1 X 
M2 X 
M3 X 
M7 X 
M8 X 
M9 X 
MlO X 
M12 X 
MM X 
5.2 Relative dating results 
Ka~kar Dag 
Based on morphostratigraphy, there is a difference in the relative age of moraine sites 
MIO, MI2 and MM. This hypothesis was tested using lichenometry on rhyolite clasts, 
the results of which are presented in fig 4.3.2a-b. Supported by the findings of 
correlation analysis using the Students t test and Mann-Whitney U-tests the results 
indicate mean lichen diameter is significantly greater at MlO than MI2 and greater at 
MI2 compared to MM (p < 0.05). Due to exclusion of data from several lichen free 
subplots at MI2 it could be argued that the sample area is unequal. The analysis was 
therefore repeated using zero as the entry for lichen free sites and, consequently, using 
equal area samples. Preliminary investigation of both sampling frameworks using the 
same statistical techniques suggests the relative age sequence is the same. Population 
frequency distribution of the 75 largest lichens per sample (cumulative total of the five 
largest lichens per subsample) does, however, suggest that the population contains two 
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modes in all cases except M12B. Assuming the higher mode contains the individuals 
which were first to colonise the surface, these data provide a more accurate indication 
of maximum lichen growth i.e. relative age. Sites were therefore compared using the 5 
largest lichens from each site and the results are presented in table 5.2.1. Comparison 
of the mean 5 largest lichens per sample site also implies there is a relative age 
difference between sites, decreasing from MlO, M12 to MM. 
Table 5.2.1 Largest and mean of largest lichen diameters per sample on rhyolite clasts. 
5 largest lichen diameters (mm) mean of largest 
diameter (mm) 
MlOA 56 54 53 52 50 53 
MlOB 70 70 64 65 63 66.4 
MI2A 40 34 32 31 30 33.4 
M12B 26 21 19 19 16 20.2 
MMA 0 0 0 0 0 0 
MMB 0 0 0 0 0 0 
Preliminary analysis of relative dating results also suggests there may be significant 
differences between different samples from the same site. This hypothesis was tested 
using the Students t-test. The null hypothesis was rejected except for samples from 
MlO. Put into context, the close similarity of samples at MlO and difference from those 
at MI2 suggest the sites MlO and M12 have different relative ages. Hypotheses that 
could explain the difference in lichen diameter between MlOA and B are the 
incorporation of pre-existing lichen covered boulders at MlOA or more probably the 
influence of competition on clasts for the partially vegetated site of MlOB. Using a size 
frequency approach a gap of 9 mm difference in diameter was used to identify 
anomalously large lichens for sample M10B (fig 4.3.4). 
Sedimentological and environmental factors may control lichen growth rate and 
consequently influence relative lichen diameter (!nnes, 1985). If lichen diameters are to 
be compared then the growth rates, and therefore key environmental and 
sedimentological controls, have to be similar. Variability in growth rate due to the 
influence of lithology has been identified in other study areas (Innes, 1985). During 
sampling, lithology was controlled and homogeneity within lithological groups was 
assumed. Variability in climate and moisture conditions between sites were 
investigated. Information from table 4.3.5 suggests aspect varies little between sample 
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sites and therefore its influence on microclimate is controlled. The correlation of slope 
and mean lichen diameter was also investigated. For each site the correlation between 
subsample plot slope and lichen diameter were examined (fig 4.3.6 and table 4.3.3). 
The null hypothesis that there was no statistically significant relationship between slope 
and lichen diameter could not be rejected at all sites except MI2B, where the strong 
correlation may reflect the suitability of marginally steeper slopes for lichen colonisation 
at this site. 
Halliwell (1983) found that there was a tendency for the largest lichens to occur on the 
largest clasts on moraines, in this case interpreted as indicating a definite relationship 
between lichen diameter and slope stability. However, it may be that the cause of the 
relationship was lichen competition on the c1ast. For the majority of sites the null 
hypothesis that there is no statistically significant correlation between clast size and 
lichen diameter (fig 4.3.5) cannot be rejected (table 4.3.2). Where it is rejected, for 
MI2B, competition is unlikely to be significant. It is most probable that clast size is 
positively related to slope stability. It may therefore be concluded that the influence on 
site climate and sedimentological conditions is unlikely to cause substantial difference in 
lichen growth rate between sites. 
Tentative lichenometric dating was carried out using lichen growth curves from the 
southern Caucasus mountains, southern Alaska and Baffin Island, Canadian arctic, 
given in Serebryanny et al. (1984, pp. 37). The curve from the southern Caucasus is 
expected to be the closest to the northern Pontic mountains due to the similarity of the 
regional climates. The growth curve from the Canadian arctic represents the slowest 
possible growth rate and therefore the maximum age limit for the lichens. The lichen 
growth rate for southern Alaska is also included as the derived age for M12 
corresponds closely to the upper limit for the possible age based on the 
geomorphological descriptions of Leutelt (1935). 
The lichenometric age for MW using the growth curve from the southern Caucasus is 
1821 A.D. and for Ml2 1967 A.D. while the respective ages using the growth curve 
from Baffin Island are 543 A.D. and 1883 A.D. The lichenometric age for MW using 
the growth curve from southern Alaska is 1429 A.D. and 1919 A.D. for M12. The 
mean of the five largest lichens per sub plot were used in analysis for all the growth 
curves. It can therefore be stated that the glacier retreat from moraine MW is late 
Holocene and probably Little Ice Age while the age for Ml2 is probably early 20th 
century. 
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The growth curve from Baffin Island (fig 5.2.1) is relatively slow and therefore 
provides a limit to the possible maximum lichenometric age of the moraines. The lichen 
curve from the southern Caucasus mountains may be the most accurate assessment of 
lichen growth rates at Ka~kar Da~ due to the similarity in climates. However, as the 
glacier is known to have retreated from M12 close to the first historical visit in 1930 
(Gall, 1966) the lichenometric age from southern Alaska is probably close to that which 
actually applies. 
Based on the spatial sequence of moraines at Ka~kar Da~ there is a relative age 
difference between MlO, M12 and MM. This hypothesis was investigated using 
relative weathering assessed by the Schmidt hammer on rhyolite clasts assuming age is 
the only factor influencing the rebound (R) value. The null hypothesis of no significant 
difference between R values from MlO and M12 could be rejected (p < 0.05) (table 
4.3.4a-b). Similarly there was no statistically significant difference between samples 
from the same site (p < 0.05). The statistical similarity of mean R values at MlOA and 
MM can be accounted for on sedimentological grounds. Clasts with relatively high 
angularity may record relatively low rebound values as corresponding micro roughness 
is relatively high (McCarroll, 199Ib). Even though micro-roughness values are similar 
between sites (fig 4.3.18) the larger sample size of clast roundness (table 5.2.2) gives a 
clearer indication that clasts at MM are more angular and therefore have a higher 
relatively roughness which could result in lower R values. Population histograms for R 
values show a near normal distribution of R values from nearly all sites, therefore, it is 
inferred that different samples from the same site come from a single population. 
Table 5.2.2 Percentage angularity of clasts from sites at Ka~kar Da~ 
Site % of cIasts an~ular (rh~olite) 
MlOA 16 
MlOB 13 
M12A 40 
M12B 26 
MM 76 
N.B. Angular clasts were defined as those classified as very angular and angular 
according to the modified Powers scale (Matthews, 1987). 
Relative age is not the only factor controlling clast rebound value. Lithology was 
controlled during sampling and the influence of clast micro-roughness has already 
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fig 5.2.1 Lichen growth curves used in lichenometric age calculation. 
been discussed. The effect of climate and moisture conditions on weathering rate were 
considered through the controlling factors of aspect and altitude. As aspect is similar 
between sample sites (table 4.3.5), the influence of these on weathering is controlled. 
The influence of altitude on weathering is problematic to test as foreland age (relative 
age parameter) and altitude are dependent McCarroll & Nesje (1993) have argued that 
the relationship between weathering rate and altitude is exponential and is therefore 
insignificant at the scale discussed (Coiman, 1981). 
To summarise, lichenometry results from Ka~kar Dap, suggest a relative surface age 
sequence increasing from MM, M12 to MID. Additionally, the sequence from M12 to 
MlO cannot be rejected on the basis of the Schmidt hammer test. The similarity of the 
Schmidt hammer rebound values for MID and MM, however, can be accounted for by 
sedimentological characteristics. 
Dereb8$1 Gold 
It can be hypothesised on a priori grounds that there is a relative age sequence between 
M7 and M8 (fig 4.1.3). This hypothesis, based on morphostratigraphy, was tested 
using lichenometry on granite clasts, assuming lichen diameter is dependent on time 
alone. On the basis of the results presented in (fig 4.3.9) the null hypothesis may be 
tentatively rejected on the basis of different maximum thallus diameter. Additionally, 
the hypothesis is rejected for lichenometry on rhyolite clasts (fig 4.3.10). Data on 
maximum lichen diameter from rhyolite clasts are included for M9 and M14. On a priori 
grounds it is suggested the moraine site M9 and M14 has a more recent age than MS 
with the spatial adjacency of M9 to M8 suggesting the ages of these landforms are 
close. Maximum lichen diameter does, however, indicate that both sites are older than 
M8. This could be explained by the incorporation of boulders with pre-existing lichen 
cover or higher lichen growth rates at M9 and M14. Site aspect values (table 4.3.5) 
suggest environmental conditions and therefore growth rates are similar at M9 and M8 
therefore an explanation of a pre-existing lichen cover is more likely. Aspect is quite 
different at M14 and therefore may account for a difference in lichen growth rate and 
therefore lichen sizes. Alternatively, lichen colonisation may have predated deposition. 
This may certainly be a problem in the case of rock glacier deposits but no anomalous 
lichens were observed at M14. 
An assumption of lichenometry is that sites have comparable lichen growth rates. The 
validity of this assumption for sites at Dereba$l GOlU was explored by analysing the 
consistency of influential environmental, lithological and sedimentological parameters. 
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Lithology was controlled through the sampling strategy and homogeneity within 
lithological groups was assumed. The co-variance of lichen and elasts diameter was 
also assessed (fig 4.3.12). At M7 and MS, there was no consistent relationship 
between lichen size and c1ast size on granite elasts. This suggesting no influence of 
competition or slope stability on lichen diameter. At both M7 and MS rhyolite elast sizes 
were consistently below 300mm and therefore it is assumed that any influence of 
competition or slope stability would have been the same at both sites. At M7, however, 
the surface of elasts were low and this is thought to have contributed disproportionately 
to lichen competition on elasts. The values for lichen diameter at M7 must therefore be 
treated with some caution. Variability in lichen growth rate due to climate, moisture 
conditions and snow cover were also investigated. Table 4.3.5 suggests variation in 
sample site orientation is low, except for M14. It has already been suggested that this 
may account for unusually large lichen diameters at M14. 
The hypothesis that there is a difference between the Schmidt hammer R values on 
rhyolite elasts from surface M7 and MS was established on the basis of the 
morphostratigraphy of the sample sites. Assuming that age dependent weathering was 
the only factor influencing R value, the null hypothesis that there was no statistical 
difference in mean R value was rejected (p < 0.05) (fig 4.3.13 and table 4.3.6a-b). 
Using morphostratigraphy it is inferred that M9 has a younger relative age to MS. The 
null hypothesis that there was no significant difference in relative age could not be 
rejected. This paradox could be reconciled if the moraine at M9 was deposited shortly 
after MS as the spatial proximity of the landforms suggest. 
R values from Ml4, the rock glacier, infer an 'older' relative age than MS! M9. Several 
hypothese may account for the relatively low Schmidt hammer rebound values at MI4:-
i) The material is older, being derived from rock cliffs at the accumulation zone of the 
rock glacier or consists in part of weathered till. 
ii) Schmidt hammer rebound values may be influenced by factors other than time. 
McCarroll (19S9a) suggests micro-roughness exerts a significant control on clast R 
values. Rhyolite clasts from sites MS, M9 and M14 exhibit relatively similar micro-
roughness values (fig 4.3.1S) therefore this may not be a significant factor, however, 
data are limited and therefore such conclusions are only provisional. Using clast 
roundness (table 5.2.3) as a proxy for micro roughness, it is apparent that elasts at sites 
M9 and MS exhibit relatively high percentages of angular clast while Ml4 a small 
percentage. On the basis of clast roundness alone, Schmidt hammer rebound values 
would be expected to be lower at MS and M9 (McCarroll, 1991b) therefore elast 
roughness may not account for the low rebound values at M14. 
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iii) The weathering rate is relatively greater at M14. While the aspect is markedly 
different from that of the other sites, it is unlikely that this alone could account for the 
greater weathering at M14. 
Histograms from sites at DerebaSl GalU are unimodal which suggest samples are taken 
from a single population (fig 4.3.14). 
table 5.2.3 Percentage angularity of cJasts from sites at DerebaSl G1llU 
Site % of clasts an~ular (rh~oIite) 
M7 42 
MS 70 
M9 53 
M14A 10 
M14B 16 
N.B. Angular clasts were defined as those classified as very angular and angular 
according to the modified Powers scale (Matthews, 1987). 
The critical test of the relative age sequence was repeated using granite clasts. Here, the 
null hypothesis could not be rejected between sites M7 and M8 (fig 4.3.15 - 16). It is 
therefore assumed that either age dependent weathering or increase in micro-roughness 
is sufficiently rapid to bring Schmidt hammer rebound values to equilibrium at the time 
of deposition near to and following the deposition of MS. Statistical separability of R 
values, and therefore relative ages, of MS and M7 were not enhanced by excluding the 
first rebound value, which appeared to be systematically lower. 
The assumption that age was the only factor influencing Schmidt hammer R value was 
investigated. Excluding lithology, the variability of which was controlled for in the 
sampling strategy, clast micro-roughness is assumed to be the other dominant control 
of cJast R value other than age. Preliminary analysis of rhyolite clast micro-roughness 
at sites MS and M7 suggests there is a significantly higher roughness at M7. If the trend 
in micro-roughness is dependent on time alone then this can account for the observed 
relative age. As clast roundness is similar between these sites is can be assumed that 
clast transport history and, therefore, initial micro-roughness is similar (Boulton, 1978, 
McCarroll, 1991 b) so clast micro-roughness could be controlled by time dependent 
weathering alone. 
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Between site variability in micro climate and moisture conditions through the 
controlling parameters of aspect and altitude were investigated. As aspect is similar 
between sample sites (table 4.3.5), the influence of this is controlled. The effect of 
altitude on weathering is problematic to test as foreland age (relative age parameter) and 
altitude are dependent. McCarroll & Nesje (1993) have argued that the relationship 
between weathering rate and altitude is exponential and therefore insignificant at the 
scale discussed (Colman, 1981). Slope may also be a significant variable in controlling 
late lying snow cover which can exert a substantial influence on rock weathering 
(Ballantyne et al., 1989). Moraine height and slope at M8 (ca. 22°) is significantly 
greater than at M7 and M9 (ca. 10°). This may have enhanced former late lying snow 
patches but these are now restricted to only shaded locations and do not presently 
influence the moraine ridge crest. 
To summarise, the results of relative dating for moraines at DerebaSl GOlii are 
consistent with morphostratigraphy. Lichenometry on rhyolite and granite c1asts 
suggest the age sequence M7 to M8! M9 in order of decreasing age. The results from 
relative dating parameters suggest that surfaces at M8 and M9 are of similar age and on 
the basis of morphostratigraphy M9 is younger than M8. Lichenometry and Schmidt 
hammer test results consistently suggest clasts at M14 are of a greater relative age and 
the rock glacier may contain older clasts. Ancillary data suggest that both relative dating 
parameters are responding primarily to time alone. The Schmidt hammer test was 
unsuitable for granite clasts and therefore data from this source is excluded from the 
interpretation. 
The use of different sampling frameworks at Ka~kar Daj! and DerebaSl GBlU restricts 
comparison of relative age sequences. It was demonstrated in chapter 3 that to a certain 
extent correlation may be drawn between lichenometric data from M8 and MID. 
Comparing the diameter of the largest lichen on rhyolite clasts from MW (56 and 70 
mm) and M8 (55 mm), the sites are of apparently similar age. Using the same 
assumption of similar lichen growth rate on rhyolite clasts, moraine M7 would also be 
placed at the same relative age. It has, however. already been identified that the size and 
abundance of c1asts at M7 may affect lichen growth rate and maximum lichen 
diameters. 
Kavron Valley sequence 
The relative age of moraines within Kavron valley were compared using micro-
roughness data from c1asts from moraines. Assuming that initial c1ast micro-roughness 
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values are the same and a change in micro-roughness is due to weathering over time, 
preliminary analysis of recordings fromrhyolite clasts using the deviogram (fig 4.3.18) 
suggests sample sites can be grouped into an 'older' class, consisting of M2, M3 and 
M7, and 'younger' class including MlO, M12, M9, and MS. Data from MM were 
excluded due to the high angularity of clasts and no data were collected for M14. The 
null hypothesis that there was no statistical difference in the 'younger' and 'older' sites 
using the 5th lag (25mm) (table 4.3.Sa) deviogram could be rejected (p<0.05) (table 
4.3.Sb). On morphostratigraphic grounds Ml, not included in the analysis, can be 
placed at the same relative age to M2 and M3. 
The assumption of rhyolite clasts with similar initial micro-roughness is explored 
through the proxy of clast roundness. McCarroll (199lb) identified a direct relationship 
between clast roundness and clast micro-roughness. The relationship was previously 
inferred by Boulton (197S) who suggested clast roundness and initial micro-roughness 
are indicative of glacial transport pathway and the associated comminution processes. 
As clast micro-roughness and clast roundness co-vary, the later provides a proxy for 
the former. Preliminary results for an assessment of clast roundness (percentage 
number of angular clasts in table 5.2.4) suggests initial micro-roughness is similar 
between sites, except at MS where micro-roughness may have been relatively high. 
Observed variability in micro roughness may be accounted for by variability in clast 
roundness. 
Table 5.2.4 Percentage of angular clasts from samples in Kavron valley. 
% of clasts angular and very sample size 
angular clasts 
Ml 20 5 
M2 20 5 
M3 40 5 
M7 42 30 
MS 70 30 
MlOA 16 30 
MI2A 40 30 
M9 53 30 
N .B. Angular clasts were defined as those classified as very angular and angular 
according to the modified Powers scale (Matthews, 19S7). 
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The second principal assumption is that of similar weathering rates between sites. As 
with other relative dating parameters this was investigated. Variability due to lithology 
was controlled in the sampling strategy while homogeneity within lithological groups is 
assumed. Variability in microclimate was controlled by the selection of sites within a 
narrow range of aspect (table 4.3.5). The influence of topographic position on 
microclimate was controlled by selecting only ridge crest sites for sampling. The 
influence of altitude on weathering is problematic to test as foreland age (relative age 
parameter) and altitude are dependent. McCarroll & Nesje (1993) have argued that the 
relationship between weathering rate and altitude is exponential therefore insignificant at 
the scale discussed (Colman, 1981). 
The calculations of micro-roughness statistics on rhyolite clasts were repeated using the 
linear regression statistic (McCarroll & Nesje, 1996, chapter 3). While the results 
apparently replicated those of the deviogram on rhyolite clasts alone (4.3.22), the 
hypothesis that there was no statistical difference between regression micro-roughness 
statistic for 'older' and 'younger' sites could not be rejected (table 4.3.8b). The 
unsuitability of the regression statistic may be due to:-
i) weathering rate (complementary environmental data suggest this it may be similar 
between sites). 
ii) The regression statistic is more sensitive to curvature or steps in c1ast profile 
introducing 'noise' to results. 
Maximum micro-roughness on granite clasts at all sites was found to be relatively 
similar (fig 4.3.20-21 and table 4.3.9). This may be explained by the dominance of 
weathering processes that do not produce a progressive increase in differential relief. 
Alternative hypotheses such as the influence of altitude on weathering can be excluded 
if the relationship between altitude and weathering is exponential and therefore 
insignificant over the spatial and temporal scales considered (Colman, 1981). Similarly 
the effect of varying lithology can be excluded as samples were restricted to granite 
rock without plagioclase phenocrysts or steps within the profile. Granite c1asts were 
therefore not used in relative dating. 
Tentative interpretation of the results from soil A horizon loss on ignition (fig 4.3.25) 
suggest relatively greater soil development on M2 and M7 compared to M8 and M12. It 
may also be inferred that there is a relative age difference between sites M8 and M12. 
There is close similarity between results from M8 and M I, which, based on a priori 
grounds from morphostatigraphy values, differ significantly in relative age. A high 
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degree of animal disturbance, and consequently, low vegetation development at MI 
could account for the unusually low values in soil organic content at this site. 
To summarise the results from micro-roughness analysis on rhyolite clasts using the 
deviogram statistic suggest surfaces can be tentatively classified into two relative age 
groups:- 'older surfaces' including Ml, M2, M3 and M7, and 'younger surfaces' 
including M8, M9, MIO, M12 and MM. This is tentatively supported by soil 
development at the respective sites. Results from granite clasts and the regression 
statistic are more equivocal. Three hypothesis could account for the observed similarity 
in relative dating pararneters:-
i) the surfaces are of similar relative age. 
H) weathering processes, through operation on surface elasticity or micro-roughness 
operate to make Schmidt hammer rebound values the same. 
Hi) product of environmental or sedimentological conditions. 
On the basis of all the relative age techniques used the, moraine with sample site M7 is 
placed at a greater relative age than other moraines at Dereba~l Golil. While M7 is also 
placed at the same relative age to M2 / M3 this does not mean the site has a similar 
absolute age. The location of the moraine further up valley would suggest it is relati vel y 
younger than those at M2 / M3. Lichenometric dating using the single largest lichen 
would place it at a similar lichenometric age to M 10. However, it has been noted that 
competition may restrict lichen growth rate and certainly if the age of the surface was 
over 1000 years then this would undoubtedly be a significant factor. 
5.3 ELA and palaeoclimate reconstruction 
ELA reconstruction over a range of possible mAR values are summarised in fig 5.3.1. 
Using a mAR of 0.5 and temperature lapse rate of 0.52 °C/l00m, the present ELA at 
Ka~kar Dag is estimated at 3298 m.a.s.!. with a mean summer temperature of 3.4°C. 
ELA depression at M2 and M3 is ca. 350m, corresponding to a mean summer 
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temperature depression of ca. 2°C. At MlO and MS, ELA depression is approximately 
sOm, corresponding to a mean summer temperature depression of O.4°C while at Ml2 
ELA depression is approximately 6Om, corresponding to a mean summer temperature 
depression of 0.3°C. 
Using the observations of Barsch (1978) and Haeberli (1985), the rock glaciers at 
DerebMl GGlii may be used as alternative sources of palaeoclimatic infonnation. The 
mean annual temperature of 0 / -2°C is required for rock glacier activity (Blagbrough, 
1994). The 0 /-2 °C isotherm may therefore be located at the toe of the active rhyolite 
rock glacier (2950 m.a.s.l.) in Dereba~l G51ii. This value is local to Dereba~l G51ii. It 
is interesting to note that this periglaciallimit is well below the glacier ELA despite the 
climate being maritime. Of greater interest is that evidence for stabilisation of the lower 
rock glacier unit and current activity of the upper portion suggest a rise of 30 m in the 
isotherm of rock glacier activity assuming constant temperature conditions. This 
compliments evidence for a recent minor sustained climate deterioration and subsequent 
amelioration to present conditions. 
As identified in the method chapter there is no critical test for the suitability of THAR 
ratios, however, estimates for it lying between 0.3 and 0.7 are considered suitable 
practical approximations (Kuhle, 1988; Leonard, 1989; Murray & Locke, 1989; 
Osmaston, 1975; Pewe & Reger, 1972). Osmaston (1975) suggests 0.5 is an 
appropriate ratio for an elongate valley glacier form as in the case of the contemporary 
Ka~kar 2 glacier. As the palaeoglaciers also do not differ significantly from this basic 
form then it is considered the most accurate THAR ratio while values for corresponding 
temperature depression from the range of ratios should be considered as limits for 
possible ELA change. 
The microclimatic conditions maintaining the Ka~kar 2 glacier requires wider 
discussion to place the equilibrium line altitude depression into context. The Ka~kar 2 
glacier occupies a relatively shaded niche below the highest peak in the range (plate 
5.1). As this may result in a substantial lower ablation than for the surrounding area it 
is inferred that the ELA here is below the regional average. Palaeoclimate change based 
on the contemporary Ka~kar 2 ELA is therefore a minimum estimate. The implications 
of this are of most importance to the palaeotemperature depression associated with end 
moraines MlO and M12 which involved a relatively small change in ELA. In the 
absence of complimentary palaeoclimatic information this evidence for climate change 
should be considered qualitatively. 
146 
Plate 5.1 The accumulation zone of the Kaykar 2 glacier. The view looks south-east. 
In evaluating the climate change calculated from climate / glacier models it is important 
to note several points. The approach will not provide a unique solution. as an infinite 
number of combinations of mean summer temperature and winter precipitation change 
can account for ELA depressio.n (Leonard. 1989). As all temperature reconstructions 
assume no change in winter precipitation. the influence of likely change in 
accumulation. including effective precipitation. has to be considered. An increase in 
accumulation will result in an over-estimation of mean summer temperature while a 
decrease in accumulation may cause the reverse. 
5.4 Sequence of glacier fluctuations in Kavron Valley 
A three stage sequence of glacier fluctuation is identified for Kavron valley:-
Stage 1 There is fragmentary geomorphological evidence for a valley glacier with its 
maximum terminus beyond Y. Kavron (Ml) though there is no indication of the actual 
terminus altitude (fig 5.1.1) associated with this moraine. There is no 
geomorphological evidence defining a glacier terminating beyond Ml though valley 
form does imply the Kavron valley glacier may have been more extensive. Two 
principal recession moraines indicate still stand during retreat or minor re-advance of 
the valley glacier at M2 and M3 around Y. Kavron village with an ice terminus of 
between and 2240 m.a.s.1. and 2170m. At this stage the main valley glacier would no 
longer receive input from the valley draining BUyUk Deniz GlilU. The absolute age of 
Ml. M2. and M3 is not known but micro-roughness on moraine clasts indicate the 
relative age of these deposits are greater than those at the head of the valley at DerebaSl 
GlilU and Ka~kar Dal! (table 5.5). The altitude of glacier ELA corresponding to these 
moraines is similar to other glaciated mountain ranges (Lebedeva & Khodakhov. 1984; 
Kotlyakov. in press ; Messerli. 1967; Klimaszewski. 1993; see table 5.6) which are 
implied to be correlated with the last glacial in the late Pleistocene of the northern 
hemisphere (oxygen isotope stage 2). ELA at this stage was ca. 350m (fig 5.3.1) lower 
than present which corresponds to a mean summer temperature depression of 
approximately 2°C. 
In the late Pleistocene or Holocene. subsequent to the deposition of M2 and M3 and 
before the deposition of MW and MS. the Kavron valley glacier retreated. In the 
absence of clearly defined recessional moraines the absolute or relative date of this 
retreat is uncertain. IfM7 (fig 5.1.1) does represent an a recessional end moraine at the 
entrance to DerebaSl GlilU valley then this does give an insight into the timing. Moraine 
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Site lichenometry Schmidt 'R' 
rhyolite rhyolite 
mean 5 largest 
per transect 
MMA 0 
MMB 0 
MI2A 16.08±4.14 53.35±1.08 
M12B 11.65+3.61 51.2±1.26 
MlOA 38.86±2.74 44.15±1.44 
MlOB 49.97+2.87 41.75+1.49 
M8A 
M8B 
M7A 
M7B 
M3 
M2 
Ml 
Data excludes that from Rock glaciers. 
Lichenometry 
granite 
single largest 
(mm) 
68 
70 
95 
93 
Schmidt'R' 
rhyolite 
47.17+1.13 
43.72±1Al 
'younger' and 'older' classes formed on the basis of micro-roughness data. 
ELA depression values are from a THAR value of 0.5. 
Table 5.5 Summary diagram of relative dating data and ELA fluctuation 
I 
lichenometry 
rhyolite 
single largest 
(mm) 
0 
0 
40 
26 
56 
70 
55 
Micro-
roughness 
younger 
younger 
younger 
younger 
younger 
younger 
Oloer 
older 
older 
older 
older 
ELA depression 
from present 
(m) 
0 contemporary 
contemporary 
65 stage 4 
stage 4 
85 stage 3 
stage 3 
stage 3 
85 stage 3 
stage 2 
stage 2 
325 stage 1 
375 stage 1 
stage 1 
Table 5.6 Eastern European and Middle Eastern Snowlines at the Last Glacial Maximum 
Mountain range present ELA Isnowline mean summer references 
snowline depression temperature 
altitude !metresl dePlession 0 C 
Jngury headwaters, 2500 850 6 Kotlyakov (in press) 
southern Caucasus Mtns. Gidometeoizdat (1975) 
western Annenia Highlands 2600 >250 Kotlyakov (in press) 
south-eastern Taurus Mtns. 3000 600 Messerli (1967) 
Kurter (1991) 
south·western Taurus Mtns. 2600 >400 Messerli (1967) 
Erciyes Dali 2900 700 Messerli (1967) 
Kurter (1991) 
Orien, Ballcan Mtns. 1300 595 Milojevic (1939) 
Louis (1933) 
Lovcen, Balkan Mtns. 1300 459 Milojevic (1939) 
Louis (1933) 
Siniajevina, BaIIcan Mtns. 1700 553 Milojevic (1939) 
Louis (1933) 
Durmitor, BaIIcan Mtns. 1800 722 Milojevic (1939) 
Louis (1933) 
Rila, BaIIcan Mtns. 2200 725 Milojevic (1939) 
Louis (1933) 
Pamassos, 2300 Messerli (1967) 
Olympus 2300 Messerli (1967) 
Takht·e Sulaiman, northern 3000 1100 Bobek (1937) 
Elburz Mtns. Iran 
Southern Alps 1400 Flint, 1979 
- no value given 
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c1ast micro-roughness values place M7 at the same relative age to M2 and M3. 
However, this assertion is also not refuted by more equivocal lichenometric and 
Schmidt hammer relative age dating at DerebaSl GOli! (table 5.5). This ice limit 
tentatively indicates substantial deglaciation at DerebaSl G5li! and, therefore, 
presumably at Ka~kar Da~ following the glaciers position at M2 / M3. As evidence for 
this stage is only fragmentary, ELA reconstruction has not been carried out 
Stage 2 The end moraines at and near MlO of Ka~kar Da~ can be interpreted as 
indicating either a still stand in retreat of the main valley glacier or a recent re-advance 
of Ka~kar I, 2, and 3 glaciers (fig 5.1.1). In the second hypothesis of glacier re-
advance either the Ka~kar I, 2, and 3 glaciers merged to form a single niche glacier, 
with an active fluctuating margin, or that multiple re-advances took place to roughly the 
same altitude of terminus at 2890 m.a.s.l, including moraine ridge MlO. The first 
hypothesis of glacier still stand at MlO cannot be refuted on the basis of relative age or 
lichenometric absolute dating alone, which place moraine stabilisation at the Little Ice 
Age (table 5.5), as the techniques only record the time of moraine stabilisation and 
lichen colonisation subsequent to glacier retreat. Further, the relatively younger age of 
MlO compared to M2 / M3 could be accounted for by the relative weathering of the 
surface clasts only. From the field evidence alone glacier still stand at MlO can only be 
rejected on the basis that the scale of moraine development is not consistent with an ice 
margin present at the site since the late Pleistocene. 
At DerebaSl G5li! a similar sequence is found, with an ice advance to MS at ca. 2890 
m.a.s.l. followed by active retreat, marked by numerous fragments of retreat moraines. 
Equally then the single yet substantial argument against a glacier still stand since retreat 
from M3 in the late Pleistocene is that the scale of moraine development at MS is also 
not consistent with this. Lichenometric relative dating using the single largest lichen on 
rhyolite c1asts places the end moraine MS at a similar relative and lichenometric age to 
MlO (table 5.5) and therefore glacier retreat may have been relatively synchronous 
between the valleys. As M7 does not relate to this stage it is interesting to note that the 
neoglacial maximum is reached or equalled at the LIA advance for both DerebaSl Golii 
and Ka~kar Da~. At this stage, for both Ka~kar Da~ and DerebaSl Golii, the ELA 
depression is approximately 80m which corresponding to a mean summer temperature 
depression of O.4°C (fig 5.3.1). Glaciers that formed the end moraines of niche 
glaciers located in the south-western edge of the valley are associated with the LIA 
stage on the basis that they terminate at a similar altitude to MS and MlO. 
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Stage 3 At Kac;kar Dap" recent minor readvance of a niche glacier (a composite of 
Kac;kar 1,2, and 3) to 2933 m.a.s.1., forming M12 (fig 5.1.1) took place before 1930 
(Leutelt, 1935). Glacier readvance is confirmed by the superposition of the end moraine 
over talus formed after the glacier retreated from MI0. Lichenometric dating using the 
growth curve from the southern Caucasus, confirms the approximate date of glacier 
retreat. This was followed by recession to the current terminus where the glacier has 
been stable for at least the last 32 years on the basis of observations by Gall (1966). 
ELA depression in response to climate deterioration was approximately 60m. At 
Dereba~l GOlil the period was marked by an episode of rock glacier formation, 
stabilisation and reactivation, identified on the basis of the super-position of the upper 
rock glacier unit partially over-ridding the lower unit. The relative age dating on the 
lower rock glacier unit (MI4) as older than the down valley moraine MS may be 
accounted for by the inclusion of pre-weathered and lichen colonised clasts, probably 
from the surrounding rock walls. Consequently a link between the periods of rock 
glacier activity and the glacier advance at Kac;kar Dap, cannot be confirmed. 
Investigation of the climatic controls for rock glacier formation has identified that a 
significant and sustained climate deterioration could be responsible for the formation of 
the lower unit followed by climate amelioration which lead to stabilisation. This 
sequence of climate change is similar to that of Kac;kar Dap" 
5.5 Interpretation of Pleistocene glacier fluctuations in the eastern Black 
Sea Region 
The sequence of glacier fluctuations and palaeoclimatic interpretation described in 
section 5.4 will now be placed, with other palaeoclimatic information, into a regional 
synthesis of palaeoclimatic fluctuation from the Last Glacial Maximum to recent. 
The geomorphological evidence for the Last Glacial Maximum limit ofvalley glaciers in 
the Pontic mountains comes from an end moraine in Biiyilk River draining Verc;enik 
Dap, which was described by Gall (1966). The existence of this moraine has not yet 
been confirmed. However, the identification of moraine ridges in this study which 
would have terminated below ca. 2200 m.a.s.l. in Kavron valley does not contradict 
the observations by Gall in 1966. The moraine ridge altitude in Bilyilk valley is 
approximately 1900 m.a.s.1. (Gall, 1966) which corresponds to an ELA depression, 
from that of the contemporary Kac;kar 2 glacier, of 470m. This would imply a mean 
summer temperature depression of 2.4°C (assuming no change in precipitation or 
temperature lapse rate). Based on the fact that dry air has a high temperature lapse rate 
(Barry & ChorIey, 1989) it is most likely that the colder and dryer climate of the Last 
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Glacial Maximum caused an increase in this parameter. Given a lapse rate increase to 
0.65°C / lOOm, then the ELA depression would correspond to a mean summer 
temperature 3°C lower than present. The Last Glacial Maximum value for ELA 
depression in the southern Caucasus mountains is 800m. Using the same lapse rate of 
0.65°C / lOOm this would imply a mean summer temperature depression of 5.2°C 
which is similar to the value of 6°C estimated by Lebedeva & Khodakhov (1984). This 
assumes the ELA of the Ingury river basin, southern Caucasus mountains, was 2500 
m.a.s.l. (Kotlyakov, in press) and the present ELA is approximately 3300 m.a.s.l 
(Gidometeoizdat, 1975). All the estimates for mean summer temperature assume no 
change in net accumulation and therefore could have been greater if accumulation were 
reduced. 
Unsubstantiated geomorphological evidence from BUyiik valley (Gall, 1966) implies a 
LGM ice terminus altitude of 2000 m.a.s.l. (ELA of ca. 2850 m.a.s.l.). Given that 
snowline and ELA are at approximately the same altitude, Messerli's (1967) estimation 
of snow line in the Pontic mountains would correspond to a glacier snout altitude of 
approximately 1100 m.a.s.l. (ELA of 2400 m.a.s.l.) using a THAR of 0.5 as 
employed in this research. While the actual elevation of the LGM terminus is 
contentious, none of the reconstmctions places the terminus below 1800 m.a.s.l. in 
Kavron valley or adjacent nonherly draining valleys. Messerli's (1967) estimates for 
palaeosnowline may, therefore, be too high. The reverse may be tme in Greece and 
Albania where an interpretation of snowline depression by Boenzi & Palmentala (1997) 
imply Messerli's (1967) estimates are too high by ca. 200m. 
Analysis of factors contributing to mass balance change can give insight on the possible 
climatic change causing the observed expansion of the B iiyiik valley glacier at the Last 
Glacial Maximum. Positive mass balance at lower elevations can be achieved by an 
increase in accumulation combined with / or by a reduction in ablation. The former will 
be considered first. Increased winter precipitation could be associated with more 
frequent outbreaks of polar air from Siberia, which at present are associated with 
frontal activity in the Black Sea (HMSO, 1963), brought about by an enhancement of 
winter anticyclonic flow. If the increase in air flow was from the east including Caspian 
Sea basin then stable winter conditions, as experienced today (HMSO, 1963), would 
have become more frequent. An alternative hypothesis of a rise in frequency of 
depressions attributed to blocking anticyclone over the Fenno-Scandinavian ice sheet 
may also give an increase in winter precipitation. To be effective this would require air -
sea surface temperature gradient similar to that of today. 
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Winter precipitation depression could be brought about by decrease in stonn frequency 
associated with depressions and / or decrease in stonn intensity. Conditions 
unfavourable for frontal precipitation in the Black Sea primarily involve decrease in sea 
surface - air temperature and consequently stability at the frontal zone. A reduction of 
radiant energy receipt from insolation would lower sea surface temperature (Dietrich, 
1963) but uncertainty remains on the air - sea temperature gradient at the LGM. 
Pollen, ostracod, lake level and pennafrost indicators from Iran, the Anatolian plateau, 
the Carpathians mountains, the Alps, the Balkan mountains and Pindus mountains 
(Tzedakis, 1994; van Zeist & Bottema, 1982; Willis, 1994; Frogley 1997) indicate that 
cold and dry conditions characterised the eastern Mediterranean winter during the Last 
Glacial Maximum (Roberts & Wright, 1993). Colder and drier winters around the 
eastem Black Sea and the eastern Mediterranean Sea could both be accounted for by an 
increase in the duration and intensity of polar outbreaks from Siberia (north-easterly 
winds) (Roberts & Wright, 1993). In the Black Sea region and eastern Anatolia the 
contemporary Caspian Sea region also provides a source region for cold continental air 
during easterly circulation (HMSO, 1963) and may have been significant in 
contributing to cold and dry winter conditions in this region alone. 
A decrease in sururner ablation at higher altitudes may also account for glacier advance 
to lower altitudes at the LGM. Independent evidence exists for a decrease in 
Mediterranean and North Atlantic sea surface temperature and consequently heat 
advection to the eastern Mediterranean at the LGM (Prentice et al., 1992). As specific 
heat exchange by turbulent flux is proportional to temperature gradient (paterson, 1994) 
this component of ablation would have decreased. Summer insolation also declined 
towards the LGM and therefore the decrease in the radiant energy balance would have 
had a substantial impact in decreasing ablation. As glacial ice would have increased 
ground albedo within the Pontic mountains, the net radiant energy receipt at the ground 
surface would have been further lowered. A reduction in evaporation due to a decrease 
in insolation has also been used to explain observed high stands in Anatolian lake level 
records, principally that of lake Konya between ca. 23000 and 17000 yr. B.P. 
(Roberts, 1983). As the time of the glacier advance is not known then this link can only 
be speculative. 
The Younger Dryas episode was a return to quasi glacial conditions (Denton & Hendy, 
1994) in the late Pleistocene. Conventional 14C dates from continental records place the 
event at ca. 11000 to 10000 yr. BP (Mangerud et al., 1974) while oceanic records put 
it at 11200 - 10000 yr. BP (Fairbanks, 1989; Kennett, 1990; Bard & Breocker, 1992; 
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Lehman & Keigwin, 1992). The Younger Dryas was the most significant rapid climate 
change events that occurred during the last deglaciation of the North Atlantic region. If 
the outermost moraines in Kavron valley (M2 / M3) relate to this event then this implies 
a maximum depression of mean summer temperature of ca. 2°C during this climate 
deterioration. 
In adjacent regions the presence of the Younger Dryas event was equivocal. Due to the 
lack of dating control the Younger Dryas event is not clearly identified in pollen records 
from the southern Caucasus mountains (Serebryanny,pers. comm.). In the continental 
areas of the Anatolian plateau the signal for the Younger Dryas period is also equivocal. 
In the past, the event was considered as not clearly or consistently evident in pollen 
diagrams (Bottema, 1995) and lake level records (Roberts, 1983). In the case of pollen, 
this may be due to lagged responses of vegetation, and / or to low chronologic 
resolution of existing records (Hillman, 1996). New data have given more clarity to the 
presence and timing of the event. Correlating land (pollen) and sea (oxygen isotope) 
records (Rossignol-Strick, 1995; fig 12), palaeohydrological variations in non-outlet 
lakes, and new sediment core data, notably from Lake Van (E. Turkey), indicate that a 
major negative shift in regional water balance may have occurred at the time of the 
Younger Dryas (Landmann et aI., 1996) associated with the abrupt cooling and drying. 
In contrast, Bottema (1995) recognises that the Younger Dryas event in the more huruid 
central Turkish Pontus is more apparent in pollen records due to the effect on heavily 
forested mountains, but the event is not supported by a clear dating scheme. From the 
adjacent mountains of the Pindus, preliminary interpretation of glacial and pollen 
sediment indicates a climate deterioration of Younger Dryas age (Smith et al., 1997) 
which is consistent with palaeoclimatic reconstructions from a pollen sequence taken 
from Lake Ioannina (Frogley, 1997). The interpretation of moraines as inferring a late 
Pleistocene glacier advance or still stand in Kavron valley adds weight to evidence for a 
Younger Dryas climate event in the eastern Mediterranean / Black Sea. 
Holocene glacier fluctuations 
This research has shown that the LGM or late Pleistocene stadial in Kavron valley was 
followed by either a single Holocene Neoglacial event associated with the Little Ice Age 
(probably in the mid 19th century) or multiple events throughout the Holocene with 
similar glacier terminus depression including the Little Ice Age. Radiometric dating of 
the moraines adjacent to MlO below Ka~kar Dag is required for further clarity. 
Assuming the recent moraines in Kavron valley are late Holocene then the absence of 
evidence for early or mid Holocene glacier advance in Kavron valley correlated to those 
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in the southern Caucasus mountains may explained by three hypotheses:- i) the climate 
deterioration causing glaciers to advance in the southern Caucasus did not influence the 
Pontic mountains, ii) snowline in the region was higher than today so that glaciers in 
the northern Pontic mountains disappeared, or iii) glacier advances in the southern 
Caucasus were not climatically induced. As the contemporary snowline is only just 
below the highest peaks in Kavron valley it is easy to envisage the mid Holocene 
altithermal may have caused complete deglaciation at Kaltkar Oag. If complete 
deglaciation did take place then it may be that colder climatic events were not substantial 
enough to reform glaciers until late in the Holocene. 
Holocene glacier fluctuations should also be considered in the context of other 
palaeoclimatic records. Forest limit data from the southern Caucasus mountains (fig 
1.3.7) can be used to imply a relative change in mean summer temperature for the 
eastern Black Sea. The early Holocene is characterised by relatively lower but 
progressively increasing mean summer temperature interspersed by periods of relatively 
much colder conditions. The mid Holocene ca. 7500 yr. B.P. to 4500 yr. B.P. was 
characterised by slightly warmer and more stable conditions than present with a single 
event of return to cooler conditions around 6000 B.P. An oscillation between relatively 
warm (similar to that of today) and cold mean summer temperatures is characteristic of 
the late Holocene. On the basis of the forest limit data, glacier fluctuations in the mid 
Holocene at Kaltkar Oag are most easily accounted for by a retreat beyond the present 
limits, in association with a substantial and sustained increase in mean summer 
temperature. The late Holocene was probably period for repeated glacier advance to 
approximately the same terminus altitude, the most recent of which has been dated at 
theLIA. 
Holocene glacier fluctuations have been identified for most mountain glacier regions in 
the northern Hemisphere (Grove, 1988; fig 5.5.1). In Anatolia there is cultural 
evidence for glacier retreat at Erciyes Oag before ca. 2000 yr. B.P. followed by re-
advance (Neumann, 1991). There is, however, no account of the scale of this glacier 
fluctuation or information regarding the possibility of its association with volcanic 
activity on Erciyes mountain. Late Holocene glacier advances associated with colder 
and wetter climates have also been identified in Tien Shan where periods of advance are 
confined to the last 3000 yr. B.P, Pamiro-Alai and Atlai where the Neoglacial 
maximum was at 2500 yr. B.P. (Serebryanny & Solomina, 1996). In the Balkan 
mountains and Greek Pindus mountains, Boenzi & Palmentola (1997) identify up to 
three glacial stages younger than late Pleistocene but do not give any relative or absolute 
dates for them. 
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Extra-regionally, Grove (1988) suggests that Holocene glacier advances and retreats 
were broadly synchronous (fig 5.5.1). Advances appear to have taken place at intervals 
of roughly a millennium or less, with near synchronous advances about 2500, 3200 
and 4300 B.P. (Grove, 1988). Similar results are evident in the work by RiSthlisberger 
(1986) whose findings seem to correlate with that of Grove (1988). The absence of 
glacier advance I still stand in the Holocene for mountain glaciers of the eastern 
Mediterranean is almost certainly due to the paucity of the record and not the result of 
no or low magnitude climate deterioration during this period. 
Little Ice Age glacier fluctuations 
There is now unequivocal evidence for the so called Little Ice Age climatic deterioration 
in the mid 16th to late 19th century observed in glacier and ice core records throughout 
the northern hemisphere (see Grove (1988) for a wider discussion). In the eastern 
Black Sea there is a clear record of glacier advance in the southern Caucasus mountains 
(Kushev, 1963; Serebryanny & Solomina, 1996) during the late 13th I early 14 th 
century and early 17th century to mid 19th century. The date for a broadly 
contemporaneous event at Ka~kar Dag during the early 19th century is, however, more 
equivocal. Models calculating climate change at Ka9kar Dag and pollen evidence from 
the southern Caucasus are broadly consistent and, as expected from present climatic 
conditions, indicate a greater deterioration in the southern Caucasus mountains. An 
increase in winter precipitation has been identified as a significant factor in climate 
change to account for glacier advance in the southern Caucasus mountains 
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Fig 5.5.1 Regional summaries of glacier expansion phases. Some advance 
phases shown as having been lengthy may in fact have been imprecisely 
dated and consist in fact of one or more shorter phases. The diagram 
suggests a lack of synchroneity, except for the Little Ice Age and possibly 
around 2500 B.P. and also 3200 B.P., but this impression cannot be 
taken as conclusive because of the varying quality and quantity of data. 
After Grove (1988) and Serebryanny & Solornina (1996). 
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(Serebryanny & Solomina, 1996) and this explanation is consistent with the 
interpretation of coccolith blooms in the Black Sea which correlated to the same period 
(Hay et al., 1991). 
Outside the eastern Black Sea there are as yet no accounts of LIA glacier advance in the 
mountains of central Anatolia, the southern slopes of the Taurus mountains or further 
afield in the eastern Carpathian mountains, south-eastern Taurus mountains or Armenia 
Highlands. 
One hypothesis that may help account for part of the Little Ice Age is the Maunder 
minimum period (AD 1675-1715) of low sun spot activity and consequently a decrease 
in solar radiation (Nesmeribes & Mangeney, 1992; Lean et al., 1995). This period has 
also been linked to increased winter precipitation. For example proxy literary records 
from the Iberian Peninsula (Barrlendos, 1997) indicate an increase in precipitation with 
regional variation in its intensity related to the more frequent passage of low-pressure 
systems over the peninsula during the Maunder Minimum. Other evidence for an 
increase in zonal (east - west) circulation in north west Europe (Lamb, 1979) comes 
from North Sea sediments (Hass, 1996). This may be due to enhanced oceanic 
temperature gradients between the latitudes 62° and 63° N (Lamb, 1979). Cumulatively 
this may have had a knock-on effect of increasing the number of depressions reaching 
the Black Sea and consequently increasing winter accumulation. There is also a great 
deal of evidence, for example Kington (1994) and Wanner et al. (1994), showing that 
during the LIA more frequent periods of meridonal circulation and repeated occurrence 
of blocking anticyclones caused glaciers in the Alps and Pyrenees to enlarge and 
fluctuate about forward positions. Low index situations, with weak circumpolar 
westerlies and blocking highs further north diverted depression tracks, might well have 
influence precipitation and depression tracks in the Mediterranean and Black Seas. 
Data on tree-line, tree-ring, pollen, and ice-core variations in Greenland, north-western 
and central Europe provide unequivocal evidence for cooler summers during the LIA 
period (Grove, 1988, Williams & Wigley, 1983; Pfister, 1983). It is probable that the 
conditions extended to the eastern Black Sea based on the analogy of the more recent 
early 20th century climate deterioration (Parker et al., 1994). As in winter, an increase 
in zonal circulation and corresponding decrease in meridonal flow of continental 
tropical air from the south east is suggested to characterise the LIA summer. 
Consequently, even given the small temperature equivalent of ELA depression, the 
drop in mean summer temperature or corresponding deterioration in summer climate 
could account for the observed change in ELA at Ka~kar Dag through a reduction in 
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ablation. It must be remembered that though cooler summers were more frequent 
during the LIA, the period was not one of unbroken cold. Colder and warmer, wetter 
and drier decades followed each other (Grove pers. comm.). 
Glacier fluctuation on the southern slopes of the Caucasus from the mid 19th century to 
the mid twentieth century is one of general retreat punctuated by episodic readvance 
(Golodkovskaya, 1982, Kushev, 1963) (fig 6.2). This research has identified a 
'recent' (probably early twentieth century) glacier advance and the development ofrock 
glaciers at Ka~kar Dag and Dereba~l G51U. The climate deterioration was close to that 
associated with the Neoglacial maximum but probably of insufficient duration to 
regenerate a glacier at Dereba~l GolU. Early twentieth century glacier advances have 
also been identified in the Pyrenees (Gellatly et al., 1994), Austria (Ding & Haeberli, 
1996) and Southern Norway (Ballantyne, 1990). 
Climate deterioration similar to that attributed to the Little Ice Age may account for the 
observed glacier advance I still stand. Air and sea surface temperature reconstructions 
for the last decade of the 19th century and early twentieth century (ca. 1890-1920) 
identify a negative temperature anomaly of ca. 0.25°C across most of the mid high 
latitudes of the northern hemisphere (Parker et al., 1994). For Eurasia, this is 
accounted for by an increase in winter westerlies in the North Atlantic seaboard of 
Europe and those penetrating into the continental interior (Parker et al., 1994) which 
would have resulted in enhanced vertical mixing, latent and evaporative heat transfer. 
An increase in solid precipitation from depressions associated with the intensification of 
westerly circulation is thought to be the most probable link to the observed glacier 
advance. In the absence of information on the change in summer temperature and 
circulation conditions it can only be speculated that summer ablation may also have 
decreased. 
Summary 
From this research a chronology of Late Pleistocene and Holocene glacier fluctuations 
in Kavron valley in northern slopes of the Pontic mountains can be postulated. The 
relatively low altitude of the ELA associated with the moraines at the entrance to BUyUk 
river valley and at Y. Kavron, in Kavron valley, in addition to the older relative age of 
the moraines at Y. Kavron suggest the deposits indicate a LGM and late Pleistocene 
(potentially Younger Dryas) advance / still stand. The LGM equilibrium line altitude is 
broadly comparable with that of the southern Caucasus in the eastern Black Sea and 
being relatively higher than those with a higher latitude which were closer to the Fenno 
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- Scandinavian ice sheets. The positive mass balance associated with ice advance at 
both stages can be accounted for by many combinations of an increase or decrease in 
winter accumulation and summer ablation. At the LGM independent evidence and 
palaeoclimatic modelling implies colder drier winters and warmer and wetter summer in 
adjacent regions it is most probable that a decrease in ablation is the significant factor 
while accumulation may have been reduced. The persistence of Pleistocene refugia and 
the reconstructed K5ppen climate classification based on results from COHMAP GCM 
experiments (Guetter & Kutzbach, 1990) do suggest that the climate did remain 
relatively maritime around the time of the LGM. On the basis of this it is speculated that 
the LGM advance in the southern Caucasus and northern Pontic glaciers responded to 
similar climate elements eastern Black Sea was internally synchronous, with increasing 
time lag towards continental areas of the Armenian highlands and central Caucasus, 
however, greater glacierisation in the southern Caucasus mountains would have 
ultimately introduced the potential to lag behind its counterpart. 
The most probable sequence of Holocene glacier fluctuation in the northern Pontic 
mountains is mid Holocene glacier retreat with a probability that complete deglaciation 
took place associated during the Altitherrnal climatic stage implied by other 
palaeoclimatic proxies. If an early Holocene glacier advance did take place and moraine 
ridges were deposited then it would not have been much greater than the more recent 
Late Holocene events. Late Holocene glacier fluctuation may have taken place with 
similar depression in ELA, however, the last one has been convincingly associated with 
the late LIA. Retreat from the LlA advance has been punctuated by at least one period 
of readvance. Even using reconstructions with the maximum depression in ELA 
Holocene climate deteriorations at Ka~kar DaA were probably less severe compared to 
southern Caucasus mountains, Alps, and maritime Norway; as would be expected from 
its location in the humid zone and lower latitude. As with other parts of the eastern 
Mediterranean the record of Holocene glacier fluctuations still remain unclear. 
Coupled with other palaeoclimatic information from the Eastern Black Sea, there is now 
strong evidence for a late Holocene glacier advance in the Pontic mountains 
contemporaneous with the European and Caucasian Little Ice Age climate deterioration, 
though the precise synchroneity between the regions is still unclear. As observed in the 
record from the Caucasus mountains, there is also evidence for a late 19th century / 
early 20th century glacier advance which is consistent with recorded temperature 
anomalies in Eurasia during this period. Both periods of climate deterioration can be 
associated with increased land - sea temperature gradients in the north Atlantic region of 
Europe and consequently an increase in the intensity of westerly circulation. The link 
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between this and glacier advance may not only be through increased winter 
accumulation but also reduced ablation in colder and / or cloudier summers. This repeat 
of conditions does lead to the speculation that they could account for any late Holocene 
glacier advance in European as well as the eastern Black mountain glaciers. 
Of special interest is the magnitude of the LIA compared to other Holocene glacier 
advance stages. In the Caucasus the maximum Holocene glacier advance predated the 
Little Ice Age and probably is dated at around 3000 B.P. (Serebryanny, pers. comm.). 
This research has shown that the Neoglacial maximum in the northern slopes of the 
Pontic mountains was reached during the Little Ice Age though this may also have taken 
place a little earlier. To conclude, there is no clear trend in the scale and impact of the 
Little Ice Age climatic event in Europe and the Near East. 
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Chapter 6. Conclusions 
This chapter will seek to highlight the key achievements and limitations of the research, 
identify some of the key questions now posed, and suggest future directions for 
research. 
Analysis of glacier fluctuations in Kavron valley, the only substantial glacier in the 
region, has provided the opportunity to form a chronology of climate change based on 
changes in glacier mass balance from the Last Glacial Maximum to present. Previous 
attempts to map landforms indicative of the glaciers former extent have provided 
conflicting results due to ambiguity of landform classification and absence or 
inconsistency in dating. This research has therefore attempted to provide a relative 
glacial chronology from a specific set of glacigenic landforms and use a critical 
methodology of relative dating. Further, it includes an attempt to carry out 
palaeoclimatic reconstruction from the glacial record, using critically applied and well 
established techniques based on the field evidence itself. 
The first attempt to describe a chronology for glacier fluctuations in the eastem Black 
Sea from the Last Glacial Maximum to the present, based on morpho-stratigraphy 
alone, was made by Erin~ (1952). Despite the absence of a Last Glacial Maximum 
moraine limit, previously identified by Erin~ (1952), the general sequence presented in 
this research does closely match that proposed by Erin~ (1952). The proposed 
chronology of glacier fluctuations consists of a late Pleistocene advance stage of a 
valley glacier within Kavron valley, which is probably younger and less extensive than 
the Last Glacial Maximum. This was followed by a Holocene glacier retreat to small 
niche glaciers in the head wall region at DerebaSl GOli!, Ka~kar Dap, and probably other 
headwalllocations. During the Holocene, complete deglaciation may have taken place 
but there is also evidence to suggest that a minor glacier readvance took place probably 
synchronous with the Little Ice Age. Following retreat from the Little Ice Age glacier 
limit a further minor but less extensive glacier advance took place in the late nineteenth 
, 
or early twentieth century. The most significant conclusions from the reconstructions 
are i) the Last Glacial Maximum limit in Kavron valley was not preserved, therefore this 
limit has not yet been critically identified in the northern Pontic mountains, and ii) a 
Neoglacial has now been identified and provisionally dated in the northern Pontic 
mountain range. 
It has been possible to compare a glacier fluctuation sequence obtained in the eastern 
Pontic mountains with that known from the southern Caucasus mountains. A summary 
of glacial still stand I advance in the southern Caucasus mountains and Kavron valley is 
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presented in table 6.1. The precise timing of phases of late Pleistocene I early Holocene 
climatic deterioration and associated moraines are still unknown and therefore a precise 
chronology in the eastern Black Sea is not yet possible. The furthest moraines down 
valley at Kavron Valley may therefore be early Holocene as observed in parts of the 
southern Caucasus, the Alps and Scandinavia. The alternative hypothesis of a late 
Pleistocene age does add weight to the existence of a late Pleistocene climate 
deterioration in the eastern Mediterranean Sea region of more recent age than the late 
Glacial Maximum, and is possibly Younger Dryas in age. This would give further 
support to the occurence of this event which is now being identified in both oceanic and 
terrestrial sequences and for both maritime and continental climatic regions (Rossignol-
Strick, 1995; Hillrnan, 1996). 
Table 6.1 Summary of glacier fluctuation chronology in the eastern Black Sea. 
Last Glacial Maximum 
Late Pleistocene (post LGM) 
Early Holocene >8600 yr. B.P. 
Mid Holocene 6400 - 4200 yr. B.P. 
Late Holocene ca. 3000 yr. B.P. 
Late Holocene I UA 13th to 14th C 
Late Holocene IUA 17th to 19th C 
Late Holocene I Earl~ Twentieth Centu!2: 
o present 1 
not described X 
uncertain 
absent 
Southern Caucasus Kavron valley, 
Mountains Pontic Mtns. 
0 X 
-
0-1 
0 0-1 
0 X-1 
0 0-1 
0 0-1 
0 0-1 
0 0 
note:- sequence from southern Caucasus mountains based on data from Serebryanny & 
Solomina (1996) and Lebedeva & Khodakhov (1984). 
Less equivocal is the conclusion that some of the most recent advances below Ka~kar 
Daf! are late Holocene and probably Little Ice Age. This study has identified and 
provisionally dated a climate deterioration during this period. Without more accurate 
164 
lichenometric or independent dating it is uncertain whether the advance phase was pre-
early or late Little Ice Age. Geomorphological evidence has identified more than one 
Holocene advance phase to the same altitude of the Little Ice Age limit implying that 
climate deterioration was of the same magnitude. Further the glacier advance in the late 
19th - early 20th century, which occurred concurrently with a negative temperature 
anomaly in the northern Hemisphere (Parker et. al., 1994), has been identified. Other 
glacial advance periods during the Late Holocene have been identified in the southern 
Caucasus mountains and moraines adjacent to the probable Little Ice Age limit at KlI9kar 
Dag may date from this period. 
The results of palaeoclimatic reconstruction have received less emphasis than the results 
of dating. As the glacier - climate model used emphasises only one element of the 
climate which influences glacier mass balance, that is mean summer temperature, there 
is an inherent tendency to over-estimation. Further clarification of climatic parameters 
and their interpretation could be provided from other palaeoclimate proxies responding 
to other climate elements particularly precipitation. The pollen record, for example, 
would also have the added advantage of making possible a link to the extensive 
Anatolian palaeoclimatic record derived from pollen. The previous collection of 
sediments suitable for pollen analysis from high altitude bogs by Aytug et al. (quoted in 
van Zeist & Bottema, 1991) suggest this may be further explored. 
It must be remembered that this research has been focused on only one glacial valley 
sequence in the northern Pontic Mountains. As highlighted by Sutherland (1984), there 
are many caveats to taking this as representative of the regional record, including 
variability in topographically controlled glacier geometry, direct climatic mass balance, 
and mass balance through mass movement which operate over catchment and regional 
scales. An interpretation is therefore inconclusive without carrying out the similar 
reconstructions in adjacent valleys and using similar techniques. This is supported by 
the observed heterogeneity within the present snowline in the northern Pontic 
mountains which has been identified by Kurter (1991). Additional work to reconstruct 
glacier fluctuations in other areas of the northern Pontic mountains is therefore required 
to test the sequence found and give more accurate dates, particularly for the timing of 
the Little Ice Age, the altitude of the ELA and glacier extent at the Last Glacial 
Maximum. Preliminary geomorphological mapping at Vergenik Dag by Gall (1966) has 
identified this as a suitable site and this research has provided a framework of glacier 
fluctuation which may be tested. In addition ancillary research is required to describe 
more accurately and account for the synoptic climate of the mountains which will give 
more information on its control of glacier mass balance at Ka9kar Dag. 
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Heterogeneity in snow accumulation within the northern Pontic mountains suggest the 
glacial sequence at Kavron valley can only provide a generalised guide to the 
palaeoclimate in adjacent valleys. Even though the sequence of glacier fluctuations may 
be synchronous for the north-eastern Pontic mountains there is no basis for inter-
regional synchroneity of glacier fluctuation with other mountain groups in Turkey. As 
Roberts & Wright (1993) note, the climate of the eastern Mediterranean is characterised 
by its spatial variability therefore climate change and glacier response is likely to vary 
substantially. Contemporary climate data (Erinl(, 1950; Naibo~lu, 1977) suggests the 
transition in climate and climate change away from the northern Pontic mountains is 
likely to be abrupt; for example the Mescit mountains immediately south of the Pontic 
mountains are likely to have experienced a markedly different sequence of climate 
change and consequently glacier fluctuations due to the steep gradient in continentality 
from the coast to the Anatolian continental interior. 
To conclude, this research has identified a broad based synchroneity in periods of 
climatic deterioration in the northern Pontic mountains and southern Caucasus 
mountains. There is, however, ambiguity in the precise timing of glacial advance in the 
northern Pontic mountains. For a clear chronology of climate events in the eastern 
Black Sea useful for comparison with adjacent climatic regions, particularly for the 
Little Ice Age, further reconstruction and dating is required for former glaciers in the 
eastern Pontic Mountains. 
MuItiparametric relative dating 
A multi parametric approach to relative dating has been widely adopted because of the 
ability to critically test an age sequence. This advantage was identified by Matthews & 
Shakesby (1984) in a paper reporting the results of relative dating carried out on Little 
Ice Age moraines in southern Norway. The results suggest the survival of lichens 
during push or push-deformation processes was less likely than the survival of 
comparatively robust weathered boulders, implying that the possibility of 
overestimating the age of moraines is considerably less with lichenometry than with an 
index based on boulder surface weathering. Lichen sizes, on the other hand, were far 
more likely than R-values to be sensitive to environmental differences, such as climate, 
at regional, local and even micro-scales. As both techniques have problems, but in 
different respects, the significance of the results was increased by mutually supportive 
data (Matthews & Shakesby, 1984). This research bears out the primary utility of a 
multi-parametric approach to relative dating. At both Kal(kar Da~ and Dereba~l GOlii the 
Schmidt hammer test provided a critical test to lichenometry. For relative dating at 
Dereba~l GOlU where the relative age of the rock glacier was older than the down valley 
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moraines, a combination of relative age parameters could be used to add weight to an 
explanatory hypothesis. 
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Appendix 1 Schmidt hammer calibration 
number of tests 30 
mean R value 71.37 
2 standard errors ±0.2 
Schidt hammer calibration ration ( to standard value of 78) 1.0993 
date of calibration March, 1997. 
Appendix 2 Data on the lowest end moraine altitude derived from GPS and map survey 
results 
GPS GPS Map 
Elli2siodal Hei~ht Onhometric Hei~ht Orthometric Hei~ht 
Toe of Ka~kar 2 3071.8 3046.8 3070 
M7 2874.6 2849.6 2870 
M8 2907.7 2882.7 2900 
Ml4 2920 
M12 2958.7 2933.7 2940 
MIO 2916.4 2891.4 2900 
M3 2265.2 2240.2 2270 
191 
Appendix 3.1 Sample of lichen data in field booking sheet 
Lichen Transect on Moraine MS A Date 24/8/96. 
Transect 5 
Largest 
lichens 
1 44/110 
2 50/160 
3 681280 
4 57/175 
45/ 
lichen diameter 
45165 35150 37/165 40/145 
471250 441230 411230 401230 
631280 611200 571250 541250 
145/105 50/40 45165 45n20 
230 
clast diameter 
Aspect 
251 
250 
250 
250 
Slope Notes 
23 44/110 45165 35150 37/165 40/140 
24 50/160 441230 471250 411230 401230 
20 681280 611200 631280 571250 541250 53/111 50/120 
21 57/175 451120 50/40 145/105 45165 
For each transect, lichens and their clast diameter are recorded in !he notes and !hen arranged in the order of !he five largest lichens. 
Appendix 3.2 mean of the five largest lichens on rhyolite clasts per subplot, averaged over the total sample area for (a) unequal sample area 
(b) equal sample areas at Ka~kar Dag. 
a. 
Lower 95% Mean Upper 95% Standard Error Sample Size 
confidence confidence 
interval interval 
MIOA 47.1 49.9 52.8 1.3 15 
M lOB 36.1 38.8 41.6 1.2 15 
MI2A 11.9 16.0 20.2 1.9 13 
M12B 8.0 11.6 15.2 1.5 8 
MMA 0 0 0 0 15 
MMB 0 0 0 0 15 
..... 
\0 
\;l 
b. 
Lower 95% Mean Upper 95% Standard Error Sample Size 
confidence confidence 
interval interval 
mlOA 47.1 49.9 52.8 1.3 15 
MlOB 36.1 38.8 41.6 1.2 15 
MI2A 14.0 15 
M12B 6.2 15 
MMA 0 15 
MMB 0 15 
- negative lower confidence interval 
Appendix 3.3 Sample calculation of confidence interval for mean lichen diameter. 
95% confidence interval 
2.86801719 
NB 5% significance level. 
= critical value * Standard error 
= 1.33707095 * 2.145 
The example is taken from the mean lichen diameter for MlOA (appendix 3.2). The 
critical value is taken from 'Table of the Students t statistic' (Matthews, 1981; pp189). 
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Appendix 4.1 Sample of Schmidt hammer data in field booking sheet. 
M8B Moraine elasts 24/8/96. up valley side. granite elasts. 
elast 1 rebounds 
1) 43 
2)44 
3) 43 
4) 39 
5) 37 
6) 42 
elast sphericity low 
elast angularity v. angular 
size (mm) 45 
clast 2 rebounds 
1) 28 
2)30 
3) 32 
4)40 
5) 48 
6) 38 
elast sphericity low 
elast angularity angular 
size (mm) 45 
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Appendix 4.2 Schmidt Hammer rebound values for rhyolite clasts at Ka~kar Dall 
Lower Mean Upper Standard Error Sample 
Confidence Confidence size 
Limit (95%) Limit (95%) 
MlOA 42.7 44.1 45.5 0.73 30 
MlOB 40.2 41.7 43.2 0.76 30 
MI2a 49.9 51.2 52.4 0.64 30 
M12B 52.2 53.3 54.4 0.55 30 
MM 44.9 46.2 47.4 0.63 30 
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Appendix 5 largest lichens per sample (50 randomly selected individuals) on (a) granite 
and (b) rhyolite c1asts at Dereba~l 01\lii. Measurements in millimetres. 
(a) 
MlA M7B M8A M8B 
1st largest 95 93 68 70 
2nd 92 84 68 68 
3rd 90 72 65 64 
4th 85 70 65 63 
5th 79 64 63 62 
Mean 88.2 76.6 65.8 65.4 
(b) 
Ml MS M9 MI4 
1st largest 65 55 61 75 
2nd 52 51 60 71 
3rd 40 50 57 70 
4th 40 48 56 70 
5th 38 45 54 69 
Mean 47 49.8 57.6 71 
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Appendix 6 Schmidt Hammer rebound values for rhyolite clasts at DerebaSl Go!U. 
Lower Mean Upper Standard Sample size 
Confidence Confidence Error 
Limit Limit 
(95%) (95%) 
M7 42.31 43.72 45.13 0.71 30 
M8 46.19 47.32 48.45 0.57 30 
M9 46.95 48.02 49.09 0.54 30 
M14A 40.12 41.30 42.47 0.60 30 
M14B 40.75 42.20 43.65 0.73 30 
Appendix 7 Schmidt hammer rebound values on granite clasts at DerebaSl Go!U. (first 
four R values) 
Lower Mean Upper Standard Sample size 
Confidence Confidence Error 
Limit Limit 
(95%) (95%) 
M7A 38.87 41.54 44.20 1.36 30 
M7B 37.12 38.78 40.43 0.84 30 
M8A 42.48 45.08 47.67 1.32 30 
M8B 39.56 41.38 43.20 0.92 30 
M9 39.78 42.00 44.21 1.12 30 
Appendix 8 Schmidt hammer rebound values on granite clasts at DerebaSl Go!U 
(excluding frrst R value) 
Lower Mean Upper Standard Sample size 
Confidence Confidence Error 
Limit Limit 
(95%) (95%) 
M7A 42.51 44.89 47.26 1.21 30 
M7B 40.22 41.92 43.62 0.86 30 
M8A 45.42 47.99 50.56 1.31 30 
M8B 42.38 43.89 45.40 0.77 30 
M9 42.03 43.96 45.89 0.98 30 
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Appendix 9 A sample of the micro-roughness profiles recorded in the field. 
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Appendix 10 Calculation of the deviogram micro-roughness statistic. 
The 1 st micro profile from the 1st granite clast at M7 is used to demonstrate the 
calculation of the micro profile statistic at M7 
(1) 
Distance down Relative height Distance down Relative height 
Erofile in cm a10ns E!:0file ~cm2 Erofile in cm alons Erofile (cm2 
.1 3 2.7 3.306 
.2 2.996 2.8 3.582 
.3 3.05 2.9 3.699 
.4 2.986 3.0 3.915 
.5 2.761 3.1 3.948 
.6 2.358 3.2 3.663 
.7 2.293 3.3 3.641 
.8 2.19 3.4 3.533 
.9 1.806 3.5 3.513 
1.0 2.102 3.6 3.37 
1.1 2.378 3.7 3.564 
1.2 2.693 3.8 3.618 
1.3 2.892 3.9 3.495 
1.4 3.103 4.0 3.031 
1.5 3.039 4.1 3.106 
1.6 3.434 4.2 3.599 
1.7 3.491 4.3 3.594 
1.8 3.324 4.4 3.451 
1.9 3.302 4.5 3.686 
2.0 3.337 4.6 3.501 
2.1 2.976 4.7 3.56 
2.2 3.03 4.8 3.811 
2.3 2.923 4.9 3.949 
2.4 2.802 5.0 3.806 
2.5 3.177 5.1 3.962 
2.6 3.249 
(1) After digitising. a spreadsheet file is produced containing distance along the profile 
and relative height of the micro profile. 
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Distance Height of 
1mm tag IOmm tag 15mm tag 20mm tag 25mm tag 
down profile 
in cm Erofile (cm) 
.1 3 0.004 0.622 -0.434 0.024 -0.249 
.2 2.996 -0.054 0.303 -0.495 -0.034 -0.31 
.3 3.05 0.064 0.t58 -0.274 0.127 -0.532 
.4 2.986 0.225 -0.117 -0.316 0.184 -0.713 
.5 2.761 0.403 -0.278 -0.576 -0.416 -1.154 
.6 2.358 0.065 -1.076 -0.618 -0.891 -1.59 
.7 2.293 0.103 -1.198 -0.737 -1.013 -1.37 
.8 2.19 0.384 -1.134 -0.733 -1.392 -1.451 
.9 1.806 -0.296 -1.496 -0.996 -1.893 -1.727 
1.0 2.102 -0.276 -1.235 -1.075 -1.813 -1.411 
1.1 2.378 -0.315 -0.598 -0.871 -1.57 -0.992 
1.2 2.693 -0.199 -0.337 -0.613 -0.97 -0.871 
1.3 2.892 -0.211 -0.031 -0.69 -0.749 -0.726 
1.4 3.103 0.064 0.301 -0.596 -0.43 -0.392 
1.5 3.039 -0.395 -0.138 -0.876 -0.474 0.008 
1.6 3.434 -0.057 0.185 -0.514 0.064 0.328 
1.7 3.491 0.167 0.185 -0.172 -0.073 -0.108 
1.8 3.324 0.022 -0.258 -0.317 -0.294 -0.27 
1.9 3.302 -0.035 -0.397 -0.231 -0.193 -0.149 
2.0 3.337 0.361 -0.578 -0.176 0.306 -0.349 
2.1 2.976 -0.054 -0.972 -0.394 -0.13 -0.525 
2.2 3.03 0.107 -0.633 -0.534 -0.569 -0.53 
2.3 2.923 0.121 -0.718 -0.695 -0.671 -0.888 
2.4 2.802 -0.375 -0.731 -0.693 -0.649 -1.147 
2.5 3.177 -0.072 -0.336 0.146 -0.509 -0.629 
2.6 3.249 -0.057 -0.121 0.143 -0.252 -0.713 
2.7 3.306 -0.276 -0.258 -0.293 -0.254 
2.8 3.582 -0.117 -0.036 -0.012 -0.229 
2.9 3.699 -0.216 0.204 0.248 -0.25 
3.0 3.915 -0.033 0.884 0.229 0.109 
3.1 3.948 0.285 0.842 0.447 -0.014 
3.2 3.663 0.022 0.064 0.103 
3.3 3.641 0.108 0.047 -0.17 
3.4 3.533 0.02 0.082 -0.416 
3.5 3.513 0.143 -0.173 -0.293 
3.6 3.37 -0.194 -0.131 -0.592 
3.7 3.564 -0.054 0.004 
3.8 3.618 0.123 -0.193 
3.9 3.495 0.464 -0.454 
4.0 3.031 -0.075 -0.775 
4.1 3.106 -0.493 -0.856 
4.2 3.599 0.005 
4.3 3.594 0.143 
4.4 3.451 -0.235 
4.5 3.686 0.185 
4.6 3.501 -0.059 
4.7 3.56 -0.251 
4.8 3.811 -0.138 
4.9 3.949 0.143 
5.0 3.806 -0.156 
5.1 3.962 
SlaIldard Deviation 0.21 0.55 0.54 0.36 0.57 
(2) The difference in relative relief over specified lag values were calculated, for 
example, for a lag value of 5mm the first point along the profile was compared to the 
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fifth and the second point to the sixth e.c.t. The standard deviation of the relative relief, 
for each lag value, was then calculated. 
(3) 
Site clast Immlag 10mmlag l5mmlag 20mmlag 25mmlag 
number 
M7 cl 0.21 0.55 0.54 0.36 0.57 
M7 cl 0.34 0.66 0.86 0.98 1.10 
M7 cl 0.30 0.77 1.42 1.95 2.28 
M7 cl 0.22 0.51 0.77 0.92 0.86 
(3) The standard deviation values from each profile on a single clast (clast 1) are 
compared and the maximum deviation selected. 
(4) 
site M7 Maximum 
Standard 
Deviation 
clast 1 2.28 
clast 2 2.01 
clast3 2.13 
clast 4 2.24 
clast 5 1.43 
max 2.28 
mean 2.02 
(4) The mean and maximum standard deviation values per site are calculated for each 
lag value. 
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Appendix 11 Maximum value for micro-roughness regression statistic on rhyolite and 
granite cIasts. 
rh~olite cIasts ~nite cIasts 
Ml 0.62 1.47 
M2 1.15 1.20 
M3 1.06 0.84 
M7A 1.01 1.11 
M7B 1.11 
M9 0.47 
MSA 0.39 1.85 
M8B LlO 
MM 0.51 
MlO 0.49 
M12A 0.53 
MI2B 0.37 
Appendix 12 Mass of soil A Horizon Organic Matter content (g) 
site samEle 1 samEle2 samEle3 
Ml 1.25 1.2136 1.2794 
M2 1.6275 1.665 1.7907 
M6 1.3737 1.4619 1.8116 
M7 1.7239 1.8136 1.9505 
MS 1.1193 1.1875 1.2074 
M12 0.5048 0.5063 0.5208 
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